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Abstract

This dissertation searched for experimental evidence of Leptoquarks (LQ) through the
third generation of lepton and quark decay mode. Based on extended gauge theories beyond
the Standard Model, the Leptoquarks could be pair-produced in pp collisions. A Leptoquark
would decay into a lepton and a quark of the same generation. In our analysis we have
assumed a third generation Leptoquark would decay to a 7-lepton and a b-quark with 100%
brancging ratio. We focus our analysis with 7 decays to electrons and muons only. Three final
states associating with such decays from the decays of the LQ LQ — 7777 bb process are
used in our searches: eTe~bb+missingFEr, putpu~bb+missingEr, and eubb+missing Er,
where missing ET represents the total transverse energy ’imbalance’ in an event due to
neutrinos decay from 7-leptons, and b denotes a b-quark jet. The direct experimental search
has been performed using data collected by the CDF detector at the Tevatron Collider during
2002-2006. No experimental signals have been observed in CDF data with an integrated
luminosity of 361 pb~! of pp collisions at a center-of-mass energy of 1.96 TeV. Using the
next to leading order theoretical cross section calculations for scalar Leptoquark production
in pp collisions [2|, we set new mass limits on third generation scalar Leptoquarks. We
exclude the existence of third generation scalar Leptoquarks with masses below 115 GeV for

leptonic tau decay channels.
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Direct Searches for Scalar Leptoquarks at
the Run II Tevatron



Introduction

Search for new particles is one of the most interesting topics in high energy experiments.
Historically, whenever a new particle was discovered, our understanding in particle physics
always had a big step forward. In past many decades, new particles were discovered in high
energy frontier, which is defined as the highest energy available in a facility to produce
new particles. Based on Einstein’s famous equation, E = MC?, the higher the energy, the
more masses (particles) can be produced. The Fermilab Tevatron Hadron Collider and the
experiment at Fermilab, CDF and D0 have been such ’high energy frontier’ for new particle
searches in the world.

This thesis work has focused on a search for a new type of particle, called as Leptoquark
at Fermilab Tevatron Hadron Collider, which collides proton and anti-proton beams with a
center-of-mass energy of 1.96 TeV. This thesis work has used colliding beam data collected
by the CDF experiment [1] during 2001-2006 in Tevatron Run II physics program. A brief
outline of the thesis is given below.

Part T discusses briefly the Standard Model of the particle physics. Most of this chapter
is devoted to describing the theories beyond the Standard Model, which predict the new
particles, leptoquark (LQ). The production mechanism and the decays modes of the LQ are
presented. The search mode and the experimental signature of the LQ are discussed in
detail.

Part II presents descriptions of the Tevatron Collider and the CDF detector. The main
features of all the CDF sub-detectors are given. This chapter also provides information on
CDF experiment data acquisition and trigger system.

Part III includes three chapters which describe how the searches have been performed
through data analysis. The basic framework of particle identifications for data analysis with
the CDF experiment is presented in detail in Chapter 3. Event selections with different final
states to find LQ signature are given in Chapter 4 and 5. Background contamination in
the selected data sample is estimated using Monte Carlo simulated events and control data
samples. The data analysis results, LQ cross-section limit and mass limit are also given in
Chapter 4 and 5.
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Some information on CDF experimental details, cross checks on physics variables used

in analysis, and additional theoretic formula are put in appendices.



Part 1

Theoretical Motivation



Chapter 1

The Theory

1.1 The Standard Model

High energy physics is the quest to understand the most fundamental laws of Nature
and to discover the universe’s most basic building blocks. Modern physics has established a
highly successful Standard Model to describe the current state of knowledge of elementary
particles and their interactions.

The Standard Model contains 12 elementary flavors of fermions, so called because they
are spin—% and thus obey the Pauli exclusion principle and follow Fermi-Dirac statistics. The
fermions, as shown in Table 1.1, consist of leptons (which only interact via the electromag-
netic and weak nuclear forces) and quarks (which also interact via the strong nuclear force).
The fermions appear to be grouped into three generations, each generation containing a pair
of quarks and a pair of leptons. Only the first generation particles (the electron, electron-
neutrino and up and down quarks) appear directly as constituents of normal matter, but
Nature has provided two copies of the first generation at higher mass scales. The particles
in the second and the third generations are unstable (with the exception of neutrinos), and
after creation in high energy interactions, they quickly decay.

Each elementary fermion has its own antiparticle, with the same mass but opposite
quantum numbers. The antiparticle is denoted by using the symbol for its corresponding
particle with a line over it. For example, the up-quark is demoted as u, and anti-up is
denoted at @. For the charged leptons however, it is common to differentiate between
particle and antiparticle by the sign of the charge. For example, the antiparticle of electron
(e™) is position is denoted as e, rather than e.

The Standard Model does not include gravitational interactions since they are many
orders of magnitude smaller than the other three fundamental forces known in Nature —

the strong nuclear force, the weak nuclear force and electromagnetic forces. Those three
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| Generation: | I II 111 Q/lel |
Quarks u c t +2/3
(Up) (Charm)  (Top)
d s b -1/3
(Down)  (Strange) (Bottom)
Leptons e 7 T -1
(electron)  (muon) (Tau)
Ve vy Uy 0
Neutrinos

Table 1.1: Elementary particles in Standard Model: the quark and lepton generations and
their respective charges. @)/|e| denotes the charge relative to the charge of the electron. The
corresponding antiparticles have the opposite charge.

fundamental forces are described in terms of quantized gauge field theories [72]. The force
carrier are presented as the quanta of the gauge fields in gauge theory, which are spin-1
vector-bosons.

The strong nuclear force is described by a non-Abelian gauge field theory with SU(3)
symmetry known as Quantum Chromodynamics (QCD). Its eight vector boson as known as
gluons, which couple to any particle with non-neutral strong charge (color) including them-
selves. The strong force prevents the existence of isolated non-neutrally colored particles at
any directly observable energy scales. Thus quarks are always detected only as constituents
of color-neutral combinations of either a quark/anti-quark pair (a meson, such as the Pion,
m, and Kaon, K) or three quarks (baryons, such as the proton and neutron). Mesons and
baryons are collectively known as hadrons.

Electromagnetic and weak forces are combined into a single ’electroweak’ force described
by a gauge-field theory ([5] and [83]) with a underlying SU(2)r x U(1) symmetry. At the
energy scales we can observe, this symmetry is not apparent but is somehow spontaneously
broken to produce the U(1) of Quantum Electrodynamics (QED), with photon as its vector
boson, and the weak force with massive vector bosons, the Z° and W=*. Table 1.2 list all
the vector bosons described in the Standard Model.

In the Standard Model, the electroweak symmetry is broken by the Higgs mechanism
[4], which generates the masses of the Z° and W=, as well as the masses of the fermions.
However, the Higgs boson (a spin-0 fundamental particle) predicted by the Standard Model
remains to be discovered, and there is considerable theoretical debate on the exact form
the symmetry breaking takes. The searches of the Higgs boson has been carried out from
LEP (large-Electron-Positron Collider at CERN) to Tevatron. The direct search from LEP
experiments have set up a mass limit for the Standard Model Higgs: Mp;qq, > 114 GeV'.
Searches at Tevatron is underway, small window still exist to find Higgs with D0 and CDF
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| Vector boson | Mass (GeV/C?) Electric charge |

v (photon) 0 0
W= 80.22 -1
W+ 80.22 +1
A 91.187 0
g (gluon) 0 0

Table 1.2: Standard Model Vector boson (spin-1 particles) list. + interacts with electric
charged particles only. W and Z° are weak force carriers, interacting with all the fermions.
Gluons are strong force carriers, interacting with quarks and themselves.

experiments. Most physicists believe that a decisive conclusion about Higgs will be given at
the LHC (Large Hadron Collider at CERN), which will be turn-on next year.

1.2 Beyond the Standard Model

Although the Standard Model is so successful in explaining a wide variety of physics,
it tells us nothing about the masses and the mixing angles of quarks and leptons, the
nature of the Higgs mechanism and the value of the coupling constants. This proliferation
of arbitrary parameters suggests the presence of new physics beyond the Standard Model.
Many new physics models are follow the approach of constructing the Lagrangian with larger
extended symmetry at higher energies and the Standard Model become effective theory at
lower energies. Those models often predict a richer particle content, or may indicate a finer
particle substructure.

The physics motivation of this thesis is to search for leptoquarks predicted by new physics
models with the extended gauge symmetries. In those models Leptonquarks are new bosons
coupling to a lepton-quark pair [2]. The characteristic feature of leptoquarks is that they are
color-triplet particles carrying both baryon and lepton quantum numbers. They are assumed
to be scalar (spin 0) or vector (spin 1) particles which can be produced both singly and in
pairs in colliding beams. All other particle characteristics, such as weak isospin and electric
charge, are model dependent. Like particles of the Standard Model, leptoquark masses are
not predicted. Below we give brief discussions on theoretic models with extended gauge

symmetries in which the Leptoquarks are predicted.

1.2.1 Grand Unification Models and Prediction of Leptoquarks

The success of using gauge field theories to describe particle interactions and the elec-
troweak unification shows promise that all of the forces can perhaps be described by some

larger encompassing gauge theory. Based on their unification it is natural to chooose a larger
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Figure 1.1: The strong, weak and electromagnetic couplings as a function of energy (from
Kambara [84]).

gauge group, G, that is large enough to contain the SM gauge symmetries. Such single gauge

group would be able to describe the strong, weak, and electromagnetic interactions, i.e.
G D SU(3) x SU(2) x U(1).

Unlike SM that used three different coupling parameters to describe electroweak and
strong interaction, in Grand Unification Theory (GUT) all interactions are determined by
one single coupling constant. The previous electroweak couplings a; and as and the strong
coupling constant ag in SM are coincide at some large energy scale in GUT, which is ap-
proximately about 10’ GeV. The key point for any GUT model is to combine electroweak
and strong coupling constants (In fact they are not ’constant’ but scale with the momen-
tum transfer of an interaction), by doing so the larger symmetry is attained and the force
unification is realized.

Figure 1.1 illustrates how the couplings of the U(1), SU(2) and SU(3) groups evolve as a
function of energy. At small energies, or large distances, a3 asymptotically explodes due to
quark confinement signaling the breakdown of QCD perturbation. Electroweak symmetry
is still restored at energies around 102 GeV, but due to the coupling’s logarithmic energy
dependence, it isn’t until 10'5 GeV, or 103! m, that couplings merge to a unified coupling
gg- At this very high energy scale the interactions would have the same intrinsic strength

and therefore there would be nothing to distinguish the leptons from the quarks. In fact,
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because the particles interact via the same unified coupling, leptons are allowed to transition
to quarks and vice versa.

The simplest (also very elegant) GUT model is the SU(5) model by Howard Georgi and
Sheldon Glashow [69, 6]. In this model the SU(3) x SU(2) x U(1) combination of gauge
theories in the Standard Model are components of a SU(5) gauge symmetry.

In earlier discussion we introduced SU(3) triplets of colored quarks, and weak isospin
SU(2) doublet. Now in SU(5) the basis of the group representation is constructed by

traceless 5 element vectors. For instance, the first-generation fermions may be assigned as:

2
Y= d§ (1.1)
e
—ve /,
and
0 ug  —u§ | —ur —dp
1 —ug 0 uf —Uu2 —d2
Wk = E u§ —uf 0 |—uz —ds (1.2)
U1 U2 U3 0 —e€
dl d2 d3 e 0 I

where the quark colors (Red, Blue, Green) are denoted as (1,2,3). The electric charge is a
generator of the SU(5) group which enables an account of charge quantization.

For gauge boson content, we shall encounter 24 gauge bosons corresponding to the 24
elements of the adjoint representation of SU(5). The first twelve of them are precisely the
known gauge bosons of the SU(3). x SU(2)r, x U(1)y theory: Eight gluons from QCD, and
four electroweak bosons W+, W, Z% and photon. The last dozen objects are new in SU(5)
model. X and Y have charges ¢ = £4/3,+1/3 respectively. The SU(5) gauge bosons may

be displayed in matrix form as

X1 Y; —2
gluons | x, Y P 2 0
Vv = X; Y3 + = ~2 (1.3)

X; Xy X3 |W3/vV2 Wt
Yi V5 Y3 | Wo o -W3/V2 -3




CHAPTER 1. THE THEORY 10

These new X and Y bosons are often called leptogquarks because they mediate transitions
between quarks and leptons. Since the interactions mediated by X and Y violate conserva-
tion of baryon number. Proton decay becomes a natural and interesting outcome based on
this leptoquark mechanism, it is also an important feature of the SU(5) model because it
allows the model to be tested experimentally.

Another renormalizable GUT theory postulating the existence of leptoquark-like par-
ticles is the Pati-Salam Color Symmetric Model [106]. In this SM extension, the SU(3).
color group is extended to a SU(4). group where lepton number L is the fourth color thus
unifying baryonic and leptonic matter. The quarks form a quartet having quantum numbers

of isospin, strangeness S, and charm C, giving a total global symmetry
SU(4)L X SU(4)R X SU(4)C

The gauge bosons mediating the forces between the quarks and leptons are vector particles
having a non-chiral coupling to the leptons and quarks. In the Pati-Salam model, the
leptoquarks are not restricted to couple uniquely within a lepton-quark generation [116].
These inter-generation couplings give rise to FCNC decays such as B; — ey and B — T
(see Figure 1.10). Searches for Pati-Salam leptoquarks at CDF in Run I program resulted
in mass constraints with a 95% C.L. of M1g > 19.3 TeV for a leptoquark coupling to e, u
and Mg > 20.4 TeV for a leptoquark coupling to e, 7 [118].

1.2.2 The Buchmiiller-Riickle-Wyler Leptoquark Classification

In 1997, Buchmiiller-Riickle-Wyler developed a theoratical model (a.k.a. BRW model
[39]) to generalize the possible leptoquark states that are consistent with the SU(3) x SU(2) x
U(1) framework. In this thesis we search for leptoquarks by using this model.

In Buchmiiller-Riickle-Wyler model a general classification scheme is set up to include all
possible lepton-quark couplings, in this way leptoquarks are categorized by corresponding
couplings. Table 1.3 shows there are seven scalar (S) and seven vector (V') leptoquark
models in this classification. All these models should satisfy the SU(3) x SU(2) x U(1)
gauge symmetry of the Standard Model.

In the first column of the table we see seven scalar leptoquarks (spin = 0) followed
by seven vector leptoquarks (spin = 1). The L and R superscripts denote whether the
leptoquark couples to a left- or right-handed lepton, and the subscript stands for the weak
isospin, e.g. Sf/Q is a scalar left-handed leptoquark with weak isospin value 1/2, while V*
is a vector right-handed leptoquark with weak isospin value as 0. @ is the electric charge in
the unit of electron charge e. F, is a so-called fermion number defined as F' = L+ 3B, where

L is the lepton numberand B is the baryon number (i.e. electron has L = +1, quarks have
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B = +1/3). In the “coupling” column of the table, A stands for the unknown leptoquark
coupling to leptons and quarks.

There is an important assumption in BRW model: Both the lepton number and baryon
number must be conserved separately in leptoquark decays. This means leptoquarks could
have a mass as light as ~ 100 GeV/c? while avoiding conflicts with rapid proton decay
and excluding flavour changing neutral currents [75]. Since leptoquarks only couple to one
generation by this assumption, it brings the classification of the first, second and third
generation leptoquark. For this thesis, our search will focus on third-generation leptoquarks
which couple only to third generation leptons (7) and quarks (b). Furthermore, BRW
models assume that the leptoquarks are chiral, which means the can only couple to left-
or right-handed leptons. The last column of Table 1.3, “Squark” denotes as the possible
squark assignments in the MSSM theory with broken R-parity (For more details about
Supersymmetry (SUSY), Minimal Supersymmetric Standard Model (MSSM) and R-parity
conservation in SUSY, see [64] and discussions in appendix B).

Table 1.3 implies charge conjugation symmetry. We can also make global replacement

on third-generation particles with the corresponding ones in first and second generation.
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Model F Charge Q g Coupling Squark
st 2 -1/3 0.5  An(ugc), —Ar(vs) dr
SE 2 -1/3 1 Ar(pze)

SE 2 -4/3 1 Ar(Ugs)

Sty 0 -5/3 1 AL(pz©)
-2/3 0 AL (ve)

5{32 0 -5/3 1 Ar(170)
-2/3 1 —AR(UERS)

Shy 0 -2/3 1 AL (p8) r
+1/3 0 —Ar(v3) 5L

SE 2 -4/3 1 —V2AL (1 s)
-1/3 0.5 —=An(pgc),—Ar(vs)
+2/3 0 V2L (ve)

Vi 0 -2/3 0.5  An(urs),A\L(ve)

Vo -2/3 1 Ar(L53)

VE 0 -5/3 1 Ar(1R0)

Vi, 2 -4/3 1 AL(ps)
-1/3 0.5 A (vs)

v, 2 -4/3 1 Ar(1ps)
-1/3 1 Ar(pgC)

f/fﬂ 2 -1/3 1 AL(pre)
+2/3 0 Ar(ve)

Vi 0 -5/3 1 V2L (py )
-2/3 05  =An(ug3), A (vo)
+1/3 0 V2L (v3)

Table 1.3: A classification of leptoquarks in the Buchmiiller-Riickl-Wyler leptoquark scheme
[39] adopted from [109]. Shown is the leptoquark fermion number F' = 3B + L, the electric
charge @) in units of e, the branching ratio 8, and the lepton-quark couplings. The last
column shows the possible squark assignments to the leptoquark states in the MSSM with
broken R-parity. The classification assumes conjugation symmetry and the ability to globally

replace the second-generation particles with first- or third-generation particles.
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In this thesis we searched for leptoquarks in the 7¢7¢ leptonic channels, corresponding
to the BRW leptoquarks ,5~'1L/2 and S respectively. Although the coupling assignments for
these scalar leptoquarks correspond to the MSSM squarks dr and ¢r,, the searches in this
analysis are not squark searches because the squark production cross sections are not the
same as the leptoquark production cross section as discussed in Section 1.3.1.

In addition, there are many other theoretical models that either predict the existence of
such hypothetical particle, or they derive virtual particles which share the similar property
and decay signature as leptoquark. In fact that’s one of motivations for searching lepto-
quarks, since they appear in a consistent way in a wide range of theories. We can’t list all
such theories here, however two additional models, Technicolor Model and SUSY are briefly

introduced in appendix B.

1.3 Leptoquark Production in pp Collision

There are two possible ways to produce leptoquarks directly at Tevatron due to its high

center mass energy /s, either in single or in pairs way.

p+p — LQ+LQ+ X, (1.4)
p+p — LQ+C+X (1.5)

Figure 1.2 illustrates the Feynman diagrams of single leptoquark production.

g Qs LQ g

v
A

q Mg 1 q

Figure 1.2: Feynman diagrams of the parton tree-level process g¢g — LQ¥. The parameter
Mg represents the coupling between the lepton and quark.

At the current high-energy hadron colliders such as the Tevatron, the production cross-
section for singly produced leptoquarks can be regarded as negligible. This is because it’s
quadratically dependent on the leptoquark fermionic couplings Ay; between the lepton and
quark. With the combined bound of leptoquark mass and the coupling constant A, the

chance to find a singly produced leptoquark will be very limited in the mass range up to
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O(1 TeV) [34]. For example, in the case that Mg, = 200 GeV/c* and Ay = /10, one
finds o[pp — LQs#] ~ 4 x 1072 pb [86]. Theoretical limits on the production cross section
of singly-produced leptoquarks at the Run I and Run II Tevatron have been calculated [61].

Therefore at Tevatron the major way to produce leptoquarks will be the pair-production.

There are three production processes possible for pair-produced leptoquarks shown below:

q9 — LQLQ, (1.6)
q¢ — LQLQ, (1.7)
99 — LQLQ. (1.8)

The process in Equation 1.6 contributes to the partonic cross-section in order o and is
included only in the Next-to-Leading order calculation as will be discussed in Section (1.3.1).
The most common mechanism for leptoquark pair production at high-energy hadron colliders
is both quark-antiquark annihilation (Equation 1.7) and gluon fusion (Equation 1.8). Figures
1.3 and 1.4 show the leading order contributions to the partonic pair production cross-
section. At the Tevatron quark-antiquark annihilation is the largest contribution to the

cross section coming from the s-channel.

g LQ
“TOBO000TE0000T000 -] B
iLQ
SIS R L LR S B __
g LQ

(3) (4)

Figure 1.3: Feynman diagrams of the parton level process gg — LQLQ.
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v
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Figure 1.4: Feynman diagrams of the parton level process ¢ — LQLQ (5-6).

The effective Lagrangian describing scalar and vector leptoquark interactions with gluons

is given below:

< = $g+$5, (1.9)
where
2= > {(D%Qj)T(DZk‘I’k) —M§<I>”<I>i}, (1.10)
scalars
it i 1
L = ) {_EGLV G + MR ol -
vectors
; it Jepy )‘G i t.a Gl ¢ o
19s (1 — KlG)@N tz‘]@uéa + WGU'U’ tZ]GIJ éa . (111)
14

where g, is the strong coupling constant, ¢, are the generators of SU(3)., Mg (My ) is the
scalar (vector) leptoquark mass, and kg and Ag are the anomalous coupling constants. The
gluon field strength tensor and vector leptoquark field strength tensor are shown respectively
as follows [34]:

qu = a,uAg - auAZ + gsfabcAubAuca
g;iu/ = ,Dqu)llk - Dlilk(I’uka

To achieve local gauge invariance, the covariant derivative is defined as:
Dl = 0,67 —igitd AL, (1.12)

where Af is the local transformation field containing a non-Abelian tensor term.

The gluon-leptoquark interactions are determined by the non-Abelian SU(3). gauge-
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symmetry of scalar QCD, making theoretical calculation of the pair-production cross-section
dependent on the leptoquark quantum numbers and independent of the lepton-quark cou-
pling, Ajq [2]. For the case of scalar leptoquarks that is interested in this thesis, it means
that the production cross-section can be calculated as a function of leptoquark mass only.
For the case of vector leptoquarks, the production cross-section depends on the values of the
anomalous couplings. These couplings are related to the magnetic moment uy and electric

quadrapole moment gy by [34]

= 25 (2— 1.1
wy 2MV( kG + Aa), (1.13)
gs
= — 1- — 1.14
qv M‘Q/( kG AG)a ( )

respectively. There are no direct bounds on the vector leptoquark anomalous couplings,
but they are assumed to be real numbers. There are typically two choices to constrain the

couplings:
e Yang-Mills type coupling where kg = A\g =0
e Minimal Vector type coupling where kg = 1, A\g¢ =0

The Minimal Vector type coupling has a smaller calculated cross section than the Yang-Mills
type coupling and both have larger cross sections than scalar leptoquarks. Again we need
not worry about the coupling with uy and gy because we only serach for scalar leptoquarks

in this analysis.

1.3.1 Leading Order and Next-to-Leading Order Cross Section

The differential leading order (LO) partonic scattering cross-section for quark-antiquark

annihilation and gluon fusion are given by [3]:

do - o’r .
dcoLsOG [0 = LQs LQs| = sé g*sin*9, (1.15)
doro — oln (1 9 9 9
LQs L = S [2 -1
dcos 0 l99 = LQs LQs)] 63 {32 [25 + 98° cos”® 6 — 1857]

1 (25 —345% + 98%) (1—B2)2
16 1—B2cos?f + (1 — B2 cos? )2 } , (L.16)
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where V/3 is the invariant energy of the subprocess, a; is the strong coupling constant, and

g=01- 4M£Q/§)1/2. In the integral form they appear as:

2
osT 2

oLo [ch — LQSES] = T2_7/625 (1.17)
2
oro [g9 = LQsLQg] = ‘;‘g: {B(41 —316%) + (188% — g* — 17) log %} (1.18)

Analogous to equations 1.17 and 1.18, the vector leptoquark leading-order scattering

cross-sections are given by [4]:

2 3
orLo [ch — LQva] = 3;2 1 f52 [23 —38% + 1 f52] , (1.19)
2
oro[99 = LQv LQy] = (;Tgﬁ {ﬁ(% —908° + %ﬁﬁ
3 2 4 6 148
~ (658362 + 198 — 8 )logm}, (1.20)

The Next-to-Leading Order (NLO) cross section for pair produced leptoquarks at the
Tevatron has also been calculated [2]. The NLO calculation includes the virtual gluon loop
corrections (see diagrams in Figure 1.5), initial state and final state gluon radiations (see
diagrams in Figure 1.6) and gluon 'compton process’ (see diagrams in Figure 1.7).

9 La g LQ
I P I L >

»
»
o
TET00ETTBETOETT
«©«

Figure 1.5: Example Feynman diagrams for virtual gluon corrections involving self-energy
and vertex correction.

We exclude the non-point-like structures of leptoquarks in this analysis. Such models
are not expected below energy scales of ~ 1 TeV, this was predicted by Schrempp’s paper
as early as 1985 [107]. Thus in this thesis we will treat leptoquarks as point-like particles to
calculate their production cross sections.

To determine the total NLO cross-section for pair produced scalar leptoquarks, the

contributions from the QCD corrections are folded into the LO partonic cross-section and
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Figure 1.7: Generic Feynman diagrams for gluon ’Compton’ scattering.

perturbatively expanded in terms of scaling functions f;;:

2,2 2
6ij(s, Mig) = T [fﬁ” () + dmasps” x {fﬁ)(n, r) + F1; (n) log 75 }] J(1.21)
LQ LQ
where 4,7 = ¢,q,q denote the initial-state partons and p is the renormalization and fac-
torization scale. The scaling functions in equation (1.21) depend on the invariant parton
energy v/3 and leptoquark mass Mg through n = 3 /4M]%Q —1 and on r; = myep/Mpq, the
mass ratio of the top quark and leptoquark.

A numerical results for the leptoquark production cross-section cannot be produced ana-
lytically because of the composite nature of the proton and antiproton. The parton subpro-
cess cross-section can be computed analytically, but this must be summed over all possible
pairs of participating partons in the proton and antiproton and additionally integrated over
the parton momentum distributions. In our experiment event generator programs, such as
PYTHIA can be used to fully model the leptoquark productions in pp collisions, which in-

cludes using the initial state parton-density-functions (PDF) to calculate the partonic cross-
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sections and producing the final state quark hadronic-jets. The parton density parameteri-
zation used in our analysis is CTEQ6.1 [35]. The values of K = onxro/0oLo for cross-section
calculations are evaluated in the leptoquark mass range between 150 < Mp,/GeV/ c?< 250
vary only between 1.20 and 1.08 [2].

Figure 1.8 shows the cross section as a function of factorization scale for a scalar lepto-

quark mass of 220 GeV /c? at the Run IT Tevatron. In the LO case, the cross-section is heavily

°
FS

0.35 - -
o(pb):pp - LA+ LQ + X

-
o

\ls = 1960 GeV/c?
2
M, =220 GeV/c

0.25

Cross Section, pb
o
w

0.2

0.15

0.1

0.05

IIII|IIII|IIII|IIII|IIII|IIIIJ,J'III|IIII

g
=y
o

Figure 1.8: The theoretical scalar leptoquark cross section as a function of factoriza-
tion/normalization scale at the Run II Tevatron.

dependent on the factorization scale. A change of scale from p = 2Mpg to pp = Mpg/2
increases the cross section by 100%. This scale dependence is reduced dramatically by the
QCD corrections in the NLO case, varying by only 30% within the same factorization range.

The values for the LO and NLO theoretical cross-section for a range of scalar leptoquark
masses is shown in Table 1.4. Figure 1.9 shows the theoretical cross sections for Tevatron
energies in Run I and Run II. The NLO cross sections for 1/s = 1960 GeV are used in this
analysis to set upper limits on the scalar leptoquark mass.
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Mrq 49 (Pb) 0qq (Pb) 04q (PD) otot (P) K
(GeV/c?) LO NLO LO NLO NLO LO NLO
100 6.03 10.9 593  5.66 -0.332 120  16.3 | 1.36
140 0.617 1.20 1.31 1.26 -0.057 1.92 240 |1.25
180 0.0904  0.184 | 0.356 0.349 | -0.012 | 0.446 0.521 | 1.17
220 0.0162  0.0342 | 0.107  0.108 | -0.00259 | 0.123  0.139 | 1.13
260 0.00327  0.00708 | 0.0345 0.0346 | -0.000627 | 0.0378 0.0411 | 1.09
300 0.000716 0.00156 | 0.0113 0.0115 | -0.000157 | 0.0121 0.0129 | 1.07

Table 1.4: Theoretical scalar leptoquark cross-sections for pp collisions at /s = 1.96 TeV.

1.3.2 Leptoquark Decay

Experimental limits set some restrictions on the properties of leptoquarks. For example,
due to experimental limits on helicity-suppressed leptonic pion decays, most theories require
that leptoquarks be essentially chiral, which means leptoquarks can’t shift from left-handed
to right-handed particles freely. Another restriction on leptoquarks is about their couplings
or lepton-quark quantum numbers. Someone may argue that there is no arbitrary reason to
forbid leptoquarks couple to any lepton-quark combination, for example SU(5) model allow
such decay happens. However the obvious downfall of a leptoquark theory with universal
couplings would be that such leptoquarks would give rise to flavor-mixing-induced FCNC.

It is important to note that although one can require leptoquarks to have chiral and
family diagonal couplings, the SU(2);, eigenstates of the quarks and leptons are not their
mass eigenstates and thus lepton-quark mixing can still give rise to inter-generation decays
so long as the charge is conserved [75]. Examples of such flavor-mixing-induced FCNC would
be K? — eu, D® — 7%, or B® — ut as shown in Figure 1.10. However, the bounds that
are obtainable from such FCNC involve several unknown parameters and are weaker than
experimental limits set by direct searches.

Experimental limits on FCNC indicate that flavor-mixing is severely suppressed and
thus leptoquarks are assumed to decay uniquely within a lepton-quark generation. In this
analysis we focus on leptoquarks exhibiting family-diagonal decays. Figure 1.11 shows two
possible decays for a third-generation leptoquark. The parameter 8 is the branching ratio
of leptoquark decays into a charged lepton-quark pair and a neutrino-quark pair. Since we
search for leptoquarks in pairs, there is a combinatorial ambiguity as to which leptoquark

decays into a charged lepton and quark. The combinatoric rates are given by:

LQs — q3r™ BR=7 (1.22)
LQg — q3Vr BR=1- B (123)
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Figure 1.9: The theoretical scalar leptoquark cross section as a function of leptoquark mass
at the Run I and Run II Tevatron.

Therefore, the combinatoric rates for the channels £qq, fvqq and vvgq channels are respec-
tively BR = 82,28(1 — B), and (1 — 8)2.

Tau-Lepton Decay Modes

As the heaviest lepton among three generations, 7 has multiple decay channels. In
general we can divide 7 decays into two categories: The hadronic decay and the leptonic
decay. In hadronic mode 7 decay is associated with pions and kions, while in leptonic mode
tau decays to the less heavy lepton as electron or muon. In this thesis we focus on leptonic
decay analysis. The result from later chapters 4 and 5 shows that although leptonic modes
are not the dominant channels in tau decays, there is enough sensitivity to filter decay
signature from backgrounds.

Table 1.5 lists branch ratio for each channel in 7 decays.
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Figure 1.10: An example of a leptoquark induced FCNC decay process B — pur. The
leptoquark L@ couples with more than one lepton-quark generation.
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Figure 1.11: The third generation scalar leptoquark decay for § = 1 (left) and g = 1/2
(right).

1.3.3 Previous Leptoquark Search Results

In February, 1997, the H1[7] and ZEUS|[120] collaborations working on e™p collisions at
HERA accelerator in DESY, Germany, simultaneously released papers reporting an excess
of NC events with high Q2. This was regarded as a hint of a leptoquark signature. Since
then, many results on leptoquarks searches have been published.

What makes things more interesting was that by end of 1997, H1 observed a cluster
of the events at a mass of about 200 GeV/c2. This observation could be explained by the
existence of scalar leptoquarks, or interpreted by scalar squarks in super-symmetric theories
with R-parity breaking. Anyway, if low-mass scalar leptoquarks do exist, they would be
produced at significant rates at the pp Tevatron Collider. So immediately both CDF [62]
and DQ[77] conducted searches for leptoquarks using Run I Tevatron data and reported a
combined lower limit of Mg > 242 GeV/c? [40]. For the vector leptoquark case, even at

choices of k and A such that the cross section is minimized [34], the lower mass bounds were
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Figure 1.12: The leptonic decay for third generation leptoquark.

Channel Branch Ratio
Hadronic Decay

a7 (11.31 +£0.15)%
K v, (7.1 +£0.5) x 1073
7 K, (7.74+0.8) x 103
L 7 (25.24 £ 0.16)%
7 210, (9.27 £0.14)%

antnT >0, (14.09 £0.31)%
Leptonic Decay

WD (17.35 + 0.10)%
W Duvey (2.3+1.0) x 1073
e~ Doty (17.83 + 0.08)%

Table 1.5: Main decay channels of the Tau-lepton

significantly higher than the scalar limit.

The leptoquark searches from Run I at the Tevatron exclude the interpretation of the
excess events found at HERA as being a result of the production of a leptoquark state with
chiral and family-diagonal couplings to fermions [86]. ZEUS also observed a cluster in their
data, but at a mass of about 220 GeV/c2. This difference in energy between H1 cluster and
ZEUS’s cluster was later ruled out by being the cause of initial state radiation or detector
effects [24]. Thus it has been ruled unlikely that the excess observed at HERA was due to
the production and decay of a single narrow resonance.

Since then, the data collected at H1 and ZEUS has doubled, and no excess events have
been observed. For ep collisions, the production cross section does depend on the leptoquark
coupling and thus mass limits have been set by both collaborations which depend on Ag,.
Figure 1.13 shows the leptoquark mass limits as a function of ¢, for the 8 = 1 case. The
diagram also shows the limits set by LEP. Figure 1.13 shows how the Tevatron limits relate
to the mass limits set by LEP and HERA. For large coupling value, LEP and HERA limits

are very high. The Tevatron limits are able to probe mass regions having a small coupling



CHAPTER 1. THE THEORY 24

constant. The published Run I Tevatron results are listed in Table 1.6. Preliminary results

Channel £, pb~! M, GeV/c? Comments
First Generation

eeqq 110 213 CDF Collaboration [42]

eeqq 115 225 combined result, D@ Collaboration [54]
eeqq 123 225 D@ Collaboration [55]

eeqq 233 242 CDF and D@ combined result

evqq 115 204 combined result, D@ Collaboration [54]
vvqq 85.2 98 D@ Collaboration [59]

Second Generation

1iqq 110 202 CDF Collaboration [43]

Lpqq 94 200 combined result, DO [56]

urqq 94 160 D@ Collaboration [57]

Urqq 94 180 combined result, D@ Collaboration [56]
vvee 88 123 CDF Collaboration [46]

Third Generation

T7bb 60,20,92 94 D@ Collaboration [58]

T7bb 110 99 CDF Collaboration [44]

vvbb 88 148 CDF Collaboration [46]

Table 1.6: Published results of scalar leptoquark searches from the Run I Tevatron. L is the
time-integrated luminosity and M is the leptoquark mass below which scalar leptoquarks
have been excluded at the 95% C.L. The 77bb channel was analyzed by DO using three sets
of data collected using different triggers.

of scalar leptoquark searches at the both the Run I and Run II Tevatron are shown in Table
1.7.

1.3.4 The Experimental Challenge

Search for the Third generation of leptoquarks through the process
pp — LQ LQ— 777~ bb

is has great experimental challenge compared to the searches for the first and the second
generation leptoquarks since 7-lepton is unstable and quickly decay to leptons ( e or u) or
hadrons with multi neutrinos in final states. The efficiency of 7 identification is relatively
low, and the fake identification rate is higher. Further more, the leptons decay from 7
are relatively ’soft’, thus trigger efficiency for such events will be low as well. The major

background comes from top pair production:

pp — tt— WHTW™ bb
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with W’s decay to leptons plus neutrinos.
The goal of the physics analysis in this thesis is to distinguish leptoquark signals from
background with high efficiency to maximize the discovery potential at Tevatron. This thesis

performed the searches in following three decay modes:
LQ LQ — 777 bb — eTe™bb vebov, 0,
LQ LQ — t7 bb— ptpu bb VUV Uy
LQ LQ — 77~ bb — eubb VelyVr Uy

The experimental event topologies for above processes are two isolated leptons (e, p), two
b-jets and large missing transverse energies due to neutribos escaping from the detection.

Detail data analysis will be presented in Part III.
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Figure 1.13: Limits on the first-generation scalar leptoquark mass as a function of the
leptoquark coupling (from ZEUS Collaboration [119]). The limit for the Tevatron, which is
independent of the leptoquark coupling, is from combined CDF and D@ results from Run
L
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Channel ¢, pb~! M, GeV/c?

Comments

First Generation

eeqq 175 238
eeqq 203 230
evqq 175 194
evqq 72 166
vvqq 191 78-117
Second Generation

Bhiqq 104 186
wiqq 109 209
Bhiqq 126 206
wrqq 109 164
wrqq 109 183

D® Run II Preliminary
CDF Run II Preliminary
D® Run II Preliminary
CDF Run II Preliminary
CDF Run II Preliminary [27]

D® Run IT Preliminary

CDF Run I Preliminary, combined result [94]
CDF Run II Preliminary [102]

CDF Run I Preliminary [95]

CDF Run I Preliminary, combined result [94]

Table 1.7: Preliminary results of scalar leptoquark searches at the Run I and Run II Teva-
tron. Note that no results have been produced from CDF and DO in searches for Thrid
Generation Leptoquark in Run II program.
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Chapter 2

The Apparatus

2.1 Fermilab Accelerator and Tevatron in Run 11

The Tevatron is a proton-antiproton collider at the Fermi National Accelerator Labo-
ratory (Fermilab), located on 6,800 acres of land approximately 40 miles west of Chicago,
Illinois. Fermilab has built a series of particle accelerators to produce and accelerate protons
and anti-protons at very high speed (980 GeV proton = ¢ — 495km/h), and Tevatron is the
last process on this accelerator chain.

The history of Tevatron began in 1985, at beginning it operated as a 800 GeV fixed target
accelerator. As the time passed by, Tevatron eventually developed to a proton-antiproton
collider. The first physics run started in 1992, called Run I. Fermilab operated proton and
anti-proton beams at 900 GeV in Run I, which stands for the total energy of the collision
(a 900 GeV proton and a 900 GeV antiproton) at approximately 1.8 TeV. By the end of
1995, Run I ended with a total luminosity of 110 pb~' physics data recorded on tape. The
major achievement of Run I is the discovery of Top quark in 1995. Then in March 2001,
Tevatron began the Run II with the higher beam energy 980 GeV, therefore the center-of-
mass energy increased to 4/s = 1.96 TeV. Compared to Run I, Tevatron not only increased
the beam energy, but also made a significant upgrade of the accelerator complex to increase
the luminosity in Run II. The luminosity of Run I is limited by two technical reasons: The
anti-proton production and the control of high intensity beams. Main Injector (MI) and the
Recycler were built to solve these problems. At the moment of writing this thesis, Tevatron
Run IT has run 5 years and recently hit the mark of 1 fb ! as total luminosity recorded on
data disk.

The various components of the accelerator chain and their associated energies are listed
in Table 2.1. The locations of these accelerators and storage rings are shown in Figure 2.1

and 2.2. We will give a brief introduction on these components in the following sections.

29
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| Machine E-Injection E-Extraction Beam Destination
Preacc rest 750 KeV p Linac
Linac 750 KeV 400 MeV P Booster
Debuncher 400 MeV 8 GeV P
Accumulator 8 GeV 8 GeV D
Booster 8 GeV 8 GeV p Main Injector
Main Injector 8 GeV 120 GeV P, D Switchyard, Accumulator
8 GeV 150 GeV P, P Tevatron
Tevatron 150 GeV 960 GeV P, D Collision

Table 2.1: The components of the accelerator chain at Fermilab. The energy and destination
of the beam depends on the operational mode of the accelerator.

2.1.1 Proton Source

The proton is produced by using an intense local electrostatic field to split the di-
hydrogen molecule (Hs), and the outcome H ™~ anions are accelerated by a 750 KeV Cockroft-
Walton machine. The continuous H ™~ ion beam is segmented into bunches, and accelerated
by an 150-meter linear accelerator (LINAC) with 400 MeV. After leaving the LINAC the
anions pass through a thin foil of graphite that tears apart the pair of electrons of each ion,
it makes only proton and such the anion beam into a proton beam. This proton beam is
delivered into a 475m long circular synchrotron (The Booster) that accelerates the protons
to 8 GeV. And then the proton beam is transfered into the Main Injector (MI). The MI is
used both for accelerating and injection the proton beam into the Tevatron, and for creating
an intense proton beam used to produce anti-protons (Anti-proton will be discussed in next
section). Before injection into the Tevatron, protons are accelerated up to 150 GeV within

a few seconds.

2.1.2 Antiproton Production and Recycling

Antiprotons (p) are produced by colliding a 120 GeV proton beam from the MI onto a
7 cm thick Nickel target. Roughly speaking, one antiproton is produced for every million
proton collisions. Hence the interaction products need to be efficiently filtered in order to
reject non-p particles. In the first step, charged particles are focused by a “lithium lens”,
a tubular piece of lithium traversed by a 650 kA current. Then a pulsed magnet vetoes
positively charged particles and selects negative charge particles with a momentum of the
order of 8 GeV. This process happens about every 1.5 seconds. For every 1 million protons
that hit the target, only about twenty 8 GeV antiprotons survive.

After the non-p particles fallout, only p remains. The resulting p beam is de-bunched and

focused further through betatron stochastic cooling and momentum cooling. Antiprotons are
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Figure 2.1: An aerial diagram of the Run IT accelerator chain. Although the Run IT Tevatron
was designed to run at 1 TeV, the Run II nominal energy is 960 GeV. It is divided into 6
sectors divided by straight sections labeled A0 through F0. The CDF II is located at BO.
[26]

stored into the accumulator, a set of concentric synchrotrons 80-meter long in circumference.
Accumulation rates of the order of 10! antiprotons per hour have been reached. Once
enough antiprotons are accumulated (Typically 150 x10'0), they are transfered into the MI
in the direction opposite to the protons, accelerated up to 150 GeV together with the proton
beam, and delivered into the Tevatron.

Because p production is one the limiting factors in increasing the luminosity, the recycle
was designed to recoup the antiprotons that remain in the Tevatron at the end of each store,
and re-inject them in Tevatron for the next Tevatron collider store, together with a new
stack of antiprotons from the accumulator. In the current operation however, the recycle is
used as an extension of the accumulator: Antiprotons are transfered from the accumulator

into the recycle, where the beam is cooled down before injection into Tevatron.
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2.1.3 Main Injector

Before Run II, Fermilab used the Main Ring to inject the protons and antiprotons into
the Tevatron. The Main Ring was the original 400 GeV proton synchrotron built during
the early 1970s. However there existed many limitations on the performance since the Main
Ring was not designed for this purpose. In Run II upgrade this Main Ring is replaced by
Main Injector (MI). MI was built in 1998. It is a new rapid cycling accelerator designed for

four major purposes:

e To accept the 8 GeV protons or antiprotons from the Booster, the antiproton accumu-

lator and the Recycler.

e To Accelerate protons to 120 GeV and deliver them to the antiproton production

target, fixed target area and NuMI beamline (for neutrino production).
e To accelerate p or p to 150 GeV and inject them into the Tevatron.

e To accept 150 GeV antiprotons from Tevatron and decelerate them to 8 GeV for

transfer to the Recycler.

The MI parameters are listed in Table 2.2.

Circumference 3319.419 m
Injection Momentum 8.9 GeV/c
Peak Momentum 150 GeV/c

Minimum Cycle Time (@120 GeV) <15s
Minimum Cycle Time (@150 GeV) 24 s

Number of Protons 3 x 1013
Number of Bunches 498
Protons/Bunches 6 x 1010

Table 2.2: Main Injector Parameter List.

2.1.4 The Accelerating and Storage Ring

The Tevatron is the final destination of the protons and antiprotons before collision.
First, 150 GeV proton bunches are loaded from the Main Injector and into the Tevatron in
3 groups of 12 evenly-spaced bunches. Next, the antiprotons are sent from the Accumula-
tor back into the Main Injector where they are accelerated from 8 GeV to 150 GeV. The
antiproton bunches are loaded one bunch at a time into the Tevatron to make another 3
groups of 12 evenly spaced bunches. The Tevatron Ring then accelerates the bunches to an
energy of 980 GeV.
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The Tevatron ring features 1000 cyrogenically cooled super conducting magnets and is
approximately 6 km in circumference. The ring is divided into six sectors labeled A through
F. Each sector has straight sections which are serviced by buildings labeled “0”. Their
locations are shown in Figure 2.1. The proton and antiproton bunches are allowed to cross
paths at the B0 and D0 points where particle detectors are positioned. The bunches are
spaced such that there are 36 bunches crossings every 396 ns. This crossing time impacts the
design of the electronic triggering system, which is discussed in Section 2.3. The Tevatron
ring essentially stores the proton and antiproton beams while they are allowed to collide at
the DO and B0 points. The store ends when another batch of antiprotons is ready or the

beam is aborted due to malfunction.

FERMILAB'S ACCELERATOR CHAIN

[ _.'/--. -3 N,
RECYCLER
TEVATRON AR\ \\\\

LINAC
,.;”__} - COCKCROFT-WALTON
PROTON - W//”
._-,:..’:_:—""-’I“' e
. - i:{/% Antipreten  Proton
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NEUTRINQ_—~—~_~~" MESON S

Figure 2.2: Fermilab Accelerator Chain

2.2 The Run II Collider Detector at Fermilab

The Collider Detector at Fermilab Run IT (CDF II) is a general purpose soleniodal detec-
tor, which consists of precision charged particle tracking system, fast projective calorimeters,
fine grained muon detectors, a Time-of-Flight system, a Cherenkov Luminosity Counter and

related front-end readout electronics.
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The detector is located along the B0 straight section of the Tevatron ring. An elevation
view about CDF II is shown in Figure 2.3. Tracking systems are contained in a supercon-
ducting solenoid, 1.5 m in radius and 4.8 m in length, which generates a 1.4 Tesla magnetic
field parallel to the beam axis. Calorimetry and muon systems are all outside the solenoid.

The Tevatron beam line goes through the detector, and the interaction point, which
serves as the coordinate system origin, is at the center of the CDF. The positive z-axis is
defined to be collinear with the beam-line and pointing along the direction of the proton
beam (EAST) (So protons move in the positive direction, and antiprotons move in the
negative one). The y-axis points directly up and the z-axis points outward (NORTH) from
the center of the detector ring. We use a coordinate system where the polar angle 6 is
measured from the proton direction, the azimuthal angle ¢ is measured from the Tevatron
plane, and the pseudo-rapidity is defined as n = —log tan(g). The transverse component
of a particle’s energy and momentum is defined by the angle of the particle’s track in the
y — z plane with respect to the beam position, i.e. pr = psinf and Er = E'sinf where p

and FE are the particle’s momentum and energy respectively.
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Figure 2.3: A cross section schematic of the CDF II detector [47].

CDF has gone through periods of extensive upgrades. The CDF II we see today is
totally different to the one in Run I. Most components have been entirely replaced with new

hardware and triggering systems. Quoting from CDF Run II completion report:
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Collider Run Ila began in 2001, the running conditions for collider Run II specified that
the detector must be capable of handling peak luminosity up to 2 x 1032¢m =2 sec™!, bunch
spacing as small as 132 ns, and an integrated luminosity of 2 fb~'. The CDF Run Ila
upgrade included replacing the plug and forward gas calorimeters with a new scintillator-
based calorimeter and replacing the Central Tracking Chamber with a device with shorter
drift time to allow tracking in a high-luminosity environment. A completely new silicon
system was built and installed. The front-end electronics and trigger systems were upgraded
to accommodate data-taking at higher rates and with shorter bunch spacing. Muon detection
systems were upgraded to increase acceptance and allow the electronics to work with shorter
bunch spacing. The data acquisition system was upgraded to increase throughput and
reliability. A new time-of-flight detector was added, as were new detectors in the forward
region. The CDF Upgrade Project for Run ITa was successfully completed in March 2001.

The Run IIb CDF Detector Project was submitted in December 2002 for the pur-
pose of extending the useful life of the CDF detector to instantaneous luminosities of
3 x 10%2em~2sec™! with 396 ns crossing separation) and an integrated luminosity of 15
fb~!. The integrated luminosity requirement was revised to 8 fb~! during the construction
of the project, and the technical scope was adjusted accordingly. The project that remained
after this change included upgrades to the data acquisition to accommodate the high event
rate, upgrades to the track triggers to address the complexity of the events seen at high
luminosity, and upgrades to the calorimeter system that replaced gas chamber systems with
scintillator.

In short, CDF Run IT upgrades accommodate higher luminosities. With improved read-
out and triggering electronics, the bunch-crossing times becomes shorter and the perfor-
mance of detector is better compared to Run I.

The main features of the detector systems are summarized in following sections and
described in greater details in CDF II Detector Technical Design Report (Run IIa [47], Run
ITb [48]).

The Detector Components

The cutaway view of CDF is shown in Figure 2.4, the inner cutaway view is shown in

Figure 2.5.
e SVX: Silicon Vertex Detector
Purpose: High-precision tracking and secondary vertex detection at inner radii.

e L00: Layer 00

Purpose: Improved precision of track measurements and tagging efficiency, Layer 00
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Figure 2.4: Cutaway view of CDF II.

also serves as insurance against the loss of the innermost of SVX II (layer 0) to radiation
damage.

e ISL: Intermediate Silicon Layer
Purpose: In the central region, provides enhanced linking of tracks between SVX II
and COT. In the plug region, where COT coverage is incomplete, provides improved
silicon-only tracking capabilities.

e COT: Central Outer Tracker

Purpose: Central-purpose tracking in the central region of the detector.

e TOF: Time-of-Flight Detector

Purpose: Provides Time-of-Flight information to enhance particle identification abili-

ties in the central detector, especially for improving K — 7 discrimination.

e Solenoid

Purpose: Provides the magnetic field for tracking in the central detector region.

e CEM: Central Electromagnetic Calorimeter

Purpose: Energy measurement of electromagnetic showers in the central region.
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Figure 2.5: Inner cutaway view of CDF II.

e CHA: Central Hadronic Calorimeter

Purpose: Energy measurement of hadronic showers in the central region.

e WHA: End-wall Hadronic Calorimeter

Purpose: Extension of hadronic calorimeter coverage to the end-wall region.

e CES: Central E-M ShowerMax Chamber
Purpose: High-precision position measurements at shower maximum to provide track
linking ability and transverse shower profiles to improve particle identification.

e CPR: Central Pre-Radiate Chamber

Purpose: Preshower measurements for enhanced discrimination between electrons and

pions, and improved photon measurements.

e CCR: Central Crack Chamber
Purpose: To provide some coverage for particles which would otherwise fall into the
gaps between calorimeter wedges.

e PEM: Plug Electromagnetic Calorimeter

Purpose: Energy measurement of electromagnetic showers in the plug region of the

detector.
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e PHA: Plug Hadronic Calorimeter

Purpose: Energy measurement of hadronic showers in the plug region of the detector.

e PES: Plug Electromagnetic ShowerMax Detector

Purpose: Like CES, provides precision measurements of shower positions and improved

ability to separate electrons, pions and photons.

e PPR: Plug Pre-Radiate Detector

Purpose: Like CPR, provides enhanced ability to discriminate between electrons and

pions.
o CMU: Central Muon Chambers

Purpose: Detection of muons in the central detector region.

e CMP: Central Muon Upgrade
Purpose: Confirmation of CMU tracks. Since CMP is behind more material, CMP

hits have a higher signal-to-background ratio and increase the trigger efficiency of the
CMU/CMP combination.

e CMX: Central Muon Extension

Purpose: Extension of central muon coverage to n = 1.0.

e BMU: Barrel Muon Chambers

Purpose: Muon detection in the forward region.
e Toroids
e CSP: Central Scintillator Upgrade

o CSW: CSP Wall Scintillators

Purpose: Fast timing and trigger counters for CMU/CMP muons.

e (CSX: Central Scintillator Extension

Purpose: Fast timing and trigger counters for CMX muons (in the conical section).

e MSK: CMX Miniskirt Scintillators (same as MSX)

Purpose: Fast timing and trigger counters for CMX muons (in the miniskirt section)

e BSU: Barrel Scintillator Upgrade

Purpose: Fast timing and trigger counters for BMU muons.
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e TSU: Toroid Scintillator Upgrade

Purpose: Additional triggering powers for forward muons.

e CLC: Cerenkov Luminosity Counters

Purpose: Luminosity measurement of the beams at CDF
e Beam pipe

e MNP: Miniplug

Purpose: Measurement of diffractive events and far forward particles.

e BSC: Beam Shower Counters

Purpose: Measurements of diffractive events, also provides beam loss information.

e RPS: Roman Pot Spectrometer

Purpose: Measurement of diffractive events.

2.2.1 Tracking System

When charged particles travel through the matter, they will lose their energy for ionizing
atoms and molecules of the media nearby their trajectories. CDF II tracking system is able to
record and reconstruct these trajectories — People usually call them tracks. To reconstruct
the tracks of particles is called tracking.

The tracking system in CDF II is composed of two main parts: The Silicon Vertex
Detector (SVX) and the Central Outer Tracker (COT). There are also two additional parts
in CDF II tracking system as the part of Run II upgrade plan: The Intermediate Silicon
Layor (ISL) and Layer 00 (L00). Figure 2.6 shows the schematic view of the CDF tracking
volume in the r — z plane. From inner beampipe to outside layer the location order is LO0O,
SVX, ISL and then COT.

The L00 and ISL were introduced in Run II. Together with the SVX they comprise the
CDF II silicon tracking system, shown in Figure 2.7.

The L00 is a silicon detector inside the SVX. It consists of 6 narrow and 6 wide groups
of the micro-strip detectors, called “wedges”. Six of them are placed at radius of 1.35 cm
and the other six are at the radius of 1.62 cm. There are 6 modules along the z axis with
a total length of 95 cm. Sensors in L00 are single-side and made of more light-weight and
radiation-hard silicon than the SVX. They are mounted on a carbon-fiber support for tracks
passing through the high-density SVX material. This make a resolution of impact parameter

dp as small as 25 um.
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Figure 2.6: A cross section of one quadrant in the r — z plane of the CDF II tracking volume
[47].

The ISL consists of three separate silicon layers outside of SVX, extending in overlapping
regions of 7. A single ISL layer covering |n| < 1 is positioned 22 cm from the beam line. Two
more layers are positioned at a radii 20 and 28 cm and cover the region 1.0 < || < 2.0. The
layers consists of the double-sided silicon micro-strip detectors, and the readout electronics
are identical to the SVX. ISL improves the tracking in the central region. In fact L00, ISL
and SVX are capable of providing standalone tracking in the region 1.0 < || < 2.0.

The function of SVXII [45] is to determine a precise position of the secondary vertexes.
It consists of 5 layers of a combination of 90-degree and small-angle (1.2°) stereo layers of
double-sided silicon sensors, also called “wafers”. The entire SVX detector is composed of 3
barrels covering a total z-distance of 96.0 cm, or |n| < 2.0, which is roughly twice as long
as the SVX detector in Run I. The 5 silicon layers cover a radial distance of 2.4 to 10.7 cm
from the beam line. The SVX detector is capable of a resolution of 12 ym. In order to
suppress the creation of secondary particles and reduce multiple scattering, the amount of
material used to construct the SVXII was kept to a minimum, approximately 3.5 radiation
lengths (Xp). In all there are a total of 405,504 channels in the system which are connected
to readout chips which have been radiation hardened. Due to the length of the barrels,
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the readout speed and capacitance limitations, the readout chips are located close to the
silicon sensors and within the active volume of the detector. The consequence is a reduction
in resolution of the r¢ impact parameter. Layer 00 is mounted on the beam-pipe just to

compensate for this effect.

- 64 cm -

Figure 2.7: The side view of L00, SVX and ISL system

The Central Outer Tracker (COT) is an cylindrical open-cell drift chamber. In CDF
IT it is used to detect charged particles [31] (Like the role of the Central Tracker Chamber
(CTC) in Run I). It encloses the SVX and ISL by extending radially from 44 to 132 cm
and has an effective pseudo-rapidity tracking region of |n| < 1.0. It is filled with a fifty to
fifty mixture of Argon and Ethane plus trace amounts of alcohol. The information about
the particle tracks is obtained from the wires. Each drift cell comprises 12 alternating sense
and shaper wires running down the middle of two gold-on-mylar cathode planes separated
by about 2 cm (Figure 2.8) [47].

The ends of the wires are strung between two precision-milled end-plates giving a wire
tension of 135 g. There are a total of 96 layers of drift cells divided into 8 “super-layers”
which alternate between 4 axial and 4 stereo super-layers. The axial super-layers run parallel
to the beam line whereas the stereo super-layers alternate in tilt by £3° with respect to the

beam line. The stereo super-layer geometry makes track reconstruction in the r — z plane
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Figure 2.8: A cross section of several COT drift chambers. The wires alternate between
sense wires and potential wires. The arrow shows the relative direction of the nominal beam
position [47].

possible. Due to the solenoid’s large magnetic field, the drift cells are oriented at a 35° degree
angle in the r — ¢ plane (Figure 2.9) to accommodate drift trajectories in the ¢-direction
and to optimize for track measurements transverse to the beam line. A gas with a higher
drift velocity and smaller drift cells with respect to the CTC drift cells of Run I have made
the COT capable of maximum drift times of 100 ns and a resolution of 140 ym [8]. The
COT is currently operating very well in Run Ila and will be retained in Run IIb.

2.2.2 Calorimetry

Calorimeters have played a key role in the CDF II by measuring electron and photon
energies, jet energies, and net transverse energy flow. Two layers of calorimeters are built
in CDF calorimetry system. The inner layer is for electromagnetic towers, hadronic towers
are located behind EM towers and pointing back to the pp interaction region. Both EM and

Hadronic types are sampling calorimeters since they have a similar structure — Multiple
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layers of scintillator tiles are sandwiched between sampling material used to absorb the
incoming particle energies. The only difference is EM calorimeter uses lead as sampling
material while the hadronic uses i and steel.

The third-gen calar lep ark search covers almost every physics object involved
in calorimetry: Electrons, jets and missing transverse energy (neutrinos).

When ergetic electron passes into the absorber material of the electromagnetic
calorimeter, the absorber feels a high electric field inside the atoms. The force on the
electron from the electric field causes the electron to change direction which causes it to
emit a virtual photon (so that total energy and momentum are balanced). The virtual pho-
ton has sufficient energy and momentum that it produces a eTe™ pair. These particles have
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high momentum and travel roughly parallel to the direction of the initial electron. Each of
the electrons, positrons or photons produce further pairs as they pass through the high field
regions of atoms. This process repeats itself and eventually cascade or “shower” of electrons
and positrons develops. In the end there is not enough energy to form any more pairs and
all the electrons and positrons are absorbed by the material of the calorimeter.

Muons have exactly the same interactions as electrons. However, the behavior of high-
energy muons as they go through matter is quite different from electrons. The reason is
that the muon is about 210 times more massive than the electron, and the force on it from
the electric field is the same because the charge on it is the same as electron. That force is
not large enough to cause the muon to change direction significantly. Therefore muons are
known as minimum ionizing particles (MIP’s). The characteristic of a MIP-like particle is
one criterion used in identifying muons and becomes especially important in the case that
a muon passes undetected through the muon detectors.

Hadrons (jets) are much more massive than electrons, they are not significantly deflected
by the atomic electric field. However, they have strong interactions so they interact with
the material in both the electromagnetic and hadronic calorimeters to produce a different
type of shower. The released jet energies are measured by the scintillator tiles which are
embedded with wavelength shifting sheets or fibers. These fibers then carry the light to
photomultiplier tubes (PMT’s) located outside of the sensitive detector volume. There
is no way to distinguish between jets from photons and hadrons, however electrons are
distinguishable by their large ratio of electromagnetic to hadronic energy. The calorimeter
gains are initially calibrated from test beam data and are retained by calibrations carried
out between runs via xenon flashers and LED sources.

As for neutrinos, since they don’t interact with matters, they will pass through the de-
tector without losing their energies. Thus neither calorimetry system nor other components
of CDF II can do any direct energy mesurement on neutrinos. They are regarded as “un-
detected” physics objects and are reconstructed only in the sense of the missing transverse
energy, Fr. CDF use this presentation for neutrinos because pp beam comes through the
z axis, each collision happened in CDF is assumed to have zero transverse momentum at
beginning. And by the conservation law of energy, the total vector sum of transverse energy
in a physics event should keep as zero during the whole process. If neutrinos carry their
energies and fly away without being detected, they will cause an imbalance of transverse en-
ergy (so the sum of transverse energies are not equa to zero) in the event. The reconstructed
Er objectrepresents the direction and energy of the neutrino’s trajectory in the r — ¢ plane.
The calculation of the neutrino transverse energy is discussed further in Section 3.7.

The calorimetry detectors in CDF are mechanically subdivided into three regions: Cen-

tral, Wall and Plug (in order of increasing pseudo-rapidity). By the region people in CDF
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(a.k.a. “Gurus”) usually name these calorimeters as CEM (Central Electro-Magnetic), CHA
(Central Hadron), WHA (Wall Hadron), PEM (Plug Electro-Magnetic) and PHA (Plug
Hadron).

The central parts cover the region |p| < 1.1 for EM and |p| < 1.3 for the hadronic
calorimeters. They are divided into towers with equal size 15° in ¢ and 0.1 in 5. The plug
calorimeters extend the n down to 3.6 and have various segmentations.

The CEM uses lead sheets interspersed with scintillator as the active medium and em-
ploys phototube readout, around 19 X, in depth (X, is defined as the radiation length
which is the mean distance for the eT to lose 1/e of its energy). The energy resolution for
CEM is 13.5% @ 2% [9], where @ denotes addition in quadrature. The first layer of CEM is
called pre-shower detector (CPR) and readout separately. A shower-max detector is located

approximately 6X( deep into the CEM. Figure 2.10 shows a schematic of one CEM wedge.
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Figure 2.10: A schematic of a CEM wedge [47].
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The CES uses proportional strip and wire counters in a fine-grained array, as shown in
2.11. CES provides precise position (£2mm resolution at 50 GeV [11]) and shape information

for electromagnetic cascades.

Cathode
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4’ X
Anode Wires
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Figure 2.11: A schematic of a CES wedge [47].

The CHA and WHA use steel absorber interspersed with acrylic scintillator as the active
medium. They are approximately 4.5 X in depth, and have an energy resolution of 75%/vE®
3% [12].

The plug calorimeters consist of PEM and PHA. At about 6 Xy in depth in PEM is
PES. The PEM is a lead-scintillator sampling calorimeter. It is approximately 21 Xy in
depth. PEM has an energy resolution of 16%/vE @ 1% [13]. The PES is composed of two
layers of scintillator strips: U and V layers offset from the radial direction by 422.5° and
—22.5° respectively. PES provides position information in the r — ¢ plane. The resolution
of the PES is about +1mm. PHA is located behind PEM, it is a steel-scintillator sampling
calorimeter. Tt is about 7 X in depth, and has an energy resolution of 74% /v E @ 4%.

2.2.3 Muon Detectors

As mentioned in last section, muons have no hadronic interaction, thus they don’t lose
much energy in calorimeters by ionizing the atoms or molecules when passing through the
matter. Due to the muon’s long lifetime and penetrating ability, the muon detectors are
positioned in the outermost regions of CDF II.

CDF uses four systems of scintillators and proportional chambers for muons detection

with the region of || < 2. They are:
e CMU: Central Muon detector

e CMP: Central Muon Upgrade
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e CMX: Central Muon Extension
e IMU: Intermediate Muon detector

The muon chambers in the CMP and CMX are placed together with scintillators, which
are used to suppress the backgrounds coming from the interactions in the beampipe material.
The scintillator systems are called CSP and CSX, respectively. Figure 2.12 shows each muon
detector coverage in the n — ¢ plane. In this analysis only CMU, CMP, and CMX are used.
IMU is a new system for Run II which is not included in the dataset we used for this analysis.

Individual muon candidates are detected in the muon chambers from the track segment
they leave. The track segment is called a muonstub. Having a stub does not guarantee a
muon event, because a stub can be due to a hadronic punch-through or just noise in the
electronics. If a stub matches a certain track measured by the COT of silicon tracking system
the the two elements are combined to make a muon. A muon’s momentum is determined
by its track curvature through the CDF II tracking volume. The radius of curvature for
muons is very slight due to their relatively large masses. Thus, to improve muon momentum
resolution, their tracks are often constrained to originate from the beam-line or from a track
segment in the silicon detector.

Table 2.3 summarizes the mechanical/technical information of muon detectors used in
this analysis, we also give a brief introduction on individual muon detector in the following
subsections. For more design and performance details please refer to CDF Technical Design
Report [47] (1996) and [48] (2002).

CMU CMP CMX
Pseudorapidity coverage In| <~ 0.6 n| <~0.6 ~0.6<|n <~1.0
Drift tube cross-section 2.68 x 6.35 cm 2.5 x 15 cm 2.5 x 15 cm
Drift tube length 226 cm 640 cm 160 cm
Maximum drift time 800 ns 1.4 us 14 us
Scintillation counter thickness 2.5 cm 1.5 cm
Total counters 269 324
Pion interaction lengths 5.5 7.8 6.2
Minimum detectable muon pr 1.4 GeV/c 2.2 GeV/c 1.4 GeV/c
Multiple scattering resolution 12 cm/p 15 cm/p 13 cm/p

Table 2.3: Design specifications of the CMU, CMP, and CMX detectors

CMU: Central Muon Detector

The Central Muon detector is placed outside of the hadronic calorimeter at the radial

347 cm. It covers the pseudorapidity region |n| <~ 0.6 [67][68]. Only the muons with pp
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Figure 2.12: Location of the muon detector elements in the  — ¢ plane. The solid bands
show the Run II coverage upgrades [47].

greater than about 1.4 GeV/c can reach the CMU. CMU is segmented in ¢ into 24 wedges,
each one of which covers 15°. The working part of the wedge covers 12.6°, so that CMU has
24 gaps with 2.4° each. CMU is also divided into East (positive z) and West (negative z)
halves with about 18 cm gap entered at z = 0 between the two,

A wedge consists of three chambers of angular coverage 4.2°. Each of them is composed
of four layers of four rectangular drift cells as shown in Figure 2.13. The cells are filled with
same Argon-Ethane gas mixture as the COT. The voltage on the aluminum cathodes of the
cell layer is 2500 V, while the stainless still sense wires are kept at +2325 V.

Two of the four cell layers are oriented along a radial plane passing through the z axis,
while the other two are laid along the parallel plane. They are stacked in the way that there
is a 2 mm ¢-offset between the first /third and second/fourth layers. The offset resolves track

ambiguity in the azimuthal dimension by determining which of the 2 sets of sense wires were
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hit first. The z position of the hit on a sense wire is determined from the charge division
between the ends of the wire. The resolution in the CMU chambers is about 250 gm in the

r — ¢ plane and about 1 mm in z.
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Figure 2.13: A schematic of a CMU drift cell [47].

CMP: Central Muon Upgrade

The Central Muon Upgrade covers the central region of the detector as well as CMU,
but it also covers the CMU’s gap in ¢. The CMP is located behind the CMU and shielded
by an additional steel absorber. This absorber is used to reduce hadronic punch-through
contamination which the CMU suffers from. The path of the muons is effectively increases
by this absorber from 5.5 to 7.8 hadron interaction lengths. Only the muons with pr greater
than 2.2 Gev/c can reach CMP.

As the second set of single wire drift chambers, CMP walls have four layers of rectangular
single-wire drift tubes. CMP chambers are filled with the same gas mixture as COT. A
50/50 mixture of Argon-Ethane gas bubbled through a —5°C bath of isotropy alcohol, with
a maximum drift time of about 1.4 us.

CMP chambers are mounted directly on the absorber. They consist of single wire tubes
with 2.5 cm x 15 cm x 640 cm. Some of them are a little bit shorter to allow the cables
from the inner parts of the detector go outside. The drift tubes are organized into four layers
with each layer being shifted by a half-size of the tube with respect to neighboring layers.

A layer of rectangular scintillation counters (the CSP) is located outside of the CMP

drift chambers. The dimension of a single scintillator is about 2.5 cm x 15 cm x 320 cm,
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Figure 2.14: A schematic of an entire CMU module [47].

whose length is as half as a single chamber. CSP is read out by single phototubes. These
phototubes are located at the center of a CSP array and are displaced away from the wall
to allow inter-leaving of the phototubes. This assignment saves the space occupied by the
light-guide and photomultiplier tube assembly.

An illustration of the configuration of steel, chambers and scintillators are shown in
Figure 2.16. The counters provide precise timing for track matching and beam crossing

identification.

CMX: Central Muon Extension

The Central Extension consists of the wedges forming a conical shapes on both ends of
the detector. Each wedge covers 15° in ¢ and the range 0.65 < |n| < 1.0. The rectangular
drift tubes are arranged such that their sense wires point radially toward the beam-line.
CMX chambers are same as CMP tubes except a different length as 180 cm. Each wedge in
the CMX has 48 tubes, with 8 layers arranged and each layer has 6 tubes. The layers are
staggered so that there are at least 4 tubes in any coverage in ¢. Layers are also placed at
a slight stereo angle, which provides an available measurement on z coordinate.

In Run I CMX had a 30° gap at top on the west gap and a 90° gap at the bottom in
both East and West ends. The first gap was created to make space for the liquid helium

lines and the second gap was due to intersection of the conical section with the collision hall
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Muon track Radial centerline

§— To pp interaction vertex

Figure 2.15: A schematic of an entire CMU module [47].

floor. For Run IT both gaps are covered by KeyStone and MiniSkirt additions to CMX. The
KeyStone consists of two more CMX wedges, while MiniSkirt has a slight different geometry,

shown in Figure 2.17.

2.2.4 Luminosity Counters

The Cherenkov Luminosity Counters (CLC) measures the average number of the inter-

actions per bunch crossing number Ngc. The instantaneous luminosity L is determined
by:

1 — Nc - frc (2.1)

Opp

where fpc is the rate of the bunch crossing at the Tevatron and opp is the total pp cross
section at 1/s = 1.96 TeV.

The working principle of CLC is known as the effect of Cherenkov radiation: When
a charged particle passes through an insulator at a speed greater than the speed of light
in that medium, it will emit electromagnetic radiation into a cone along with the particle
trajectory. The opening angle of this cone depends on the ratio of speed of moving particle
and speed of light, also depends on the refraction index of the medium. (A side note: The
velocity of light that must be exceeded is the phase velocity rather than the group velocity,

therefore we are not violating the relativity here)
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Figure 2.16: An illustration of the configuration of steel, CMP chambers and CSP scintil-
lators looking in the z-direction. A muon track is drawn to indicate the interaction point.
The two layers of scintillation counters are overlapped in the z-direction.

Figure 2.17: The MiniSkirt portion of the CMX system.

The CLC’s are located within the 3° cavities enclosed by the end of plug calorimeters on
the east and west sides of the central detector through which the beam-pipe extends. Such
arrangement makes CLC to be the most sensitive to the particles coming directly from the
interaction point. This is because particles coming from interaction point have a longest
flight path in the gas of the counter, therefore the amount of radiation light they produced
is the largest.

The CLC is designed to perform reliably at a peak instantaneous luminosity of 2 x 1032
cm 257! and has a timing resolution of o < 100 ps which is roughly a factor of 2 better
than the scintillator counters used in Run I. CLC in Run II is capable to handle multiple
interactions within the same bunch crossing and achieve an overall accuracy of the luminosity

measurement better then 5 %.
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2.3 'Triggering and Data Acquisition

The proton and antiproton bunches cross in the Tevatron every 396 ns at CDF. At an
instantaneous luminosity of 2 x 1032 cm~2s~! and an inelastic cross section of ~ 60 x 1027
cm? at /s = 1.96 TeV, the Run II Tevatron is expected to produce about 12 million
events every second. The CDF electronic readout systems are thus designed to be capable
of operating at the higher bunch crossing rate, which is approximately 7.6 MHz. The
specifications of the triggering system are described in this section in terms of their maximum
functioning capacity.

The number of interactions per bunch crossing depends on the instantaneous luminos-
ity. Figure 2.18 shows the number of interactions per bunch crossing as a function of the

instantaneous luminosity.
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Figure 2.18: The number of interactions per bunch crossing as a function of luminosity for
a bunch crossing of 132 ns and 396 ns (taken from [76]).

Recording all of these events would require an enormous data throughout of 1000 GBytes/sec

(Assuming the average size of an event is 100 KB). It is not only impossible to achieve this



CHAPTER 2. THE APPARATUS 54

rate with existing technology, but also unnecessary to do so. The majority of these events are

less interesting minimum bias events in which the pp collisions are diffracting and produce

no secondary particles with large transverse energy. The more interesting events are typi-

cally hard scattering and result in final state particles having large transverse momentum.

However these types of processes also have very small cross sections.

To make a reasonable event selection and record data with a manageable size, we have

to select and write to tape with the events we are interested only while skipping all other

uninterested samples. This job is done by building a three-level-trigger system (Level-1, 2,

3), connected with buffered pipelines. Figure 2.19 shows a flow diagram of the trigger rates.

[ Dataflow of CDF "Deadtimeless"

Trigger and DAQ ]

L1 Storage
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42 Clock
Cycles Deep
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Figure 2.19: A flowchart of the CDF II online data flow. The specifications for the trigger
system were designed for a maximum bunch crossing period of 132 ns.

The Level-1 trigger has only 4.5 us to make a decision about each event. On average
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it only accepts only one event out 150, bring the event rate down to about 10 KHz. The
accepted events go further to Level-2. Level-2 has a little bit more time to process, about
20-30 ps per event. If Level-2 accepts the event, the whole detector is read out and the
event goes further to the Event Builder and Level-3 trigger. The event rate at this stage
is about 200-300 Hz. A block diagram showing the trigger components of the Level-1 and
Level-2 triggers is shown in Figure 2.20. In the Event Builder the data fragments from the
different parts of the detector are collected into a single event record, which is submitted to
the Level-3. At Level-3 the acceptance is about one event out of 4. The accepted events are
eventually transmitted to the mass storage devices at a rate of approximately 75 Hz and get

written into the tape.

RUN II TRIGGER SYSTEM
Detector Elements
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[ | |
Y Y Y A
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Yy v\ ‘
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LEVEL 2 »| TSICLK
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Figure 2.20: The Level-1 and Level-2 triggering systems. The TSI (Trigger Supervisor
Interface) provides an interface between the trigger system, data acquisition and clock.
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Level -1

The Level-1 trigger is synchronous with the 7.6 MHz Tevatron bunch crossing rate and
has a decision time of 4 us. At such rate it can’t do the detailed reconstruction of COT
tracks and muon stubs or obtain the details of showers in the calorimeters. Instead it uses
some every roughly reconstructed patterns, which are called primitives. For instance, for
the muon stubs we only know which muon chamber has the stub, but the stub position
and slope are not known yet. The muon or calorimeter primitives, being combined with the

track primitives would give us electrons, muons and jets, which we can trigger upon.

XFT and XTRP

The Extremely Fast Tracker (XFT) uses information from only 4 axial superlayers of
the COT to identify high-pr track primitive in the r — ¢ plane. To do so the hits from
the COT are separated into two classes according to their drift time: Prompt hits with the
drift time less than 44 ns and Delay hits with longer drift time. Then the hit pattern in
the event is compared to a predefined set of patterns for both types of hits. This predefined
set of patterns helps to find the segments of high-pr tracks from the beamline very quickly.
For all found segments, information about the charge, curvature and the ¢ position at COT
superlayer is kept. Then the segments which seems coming from the same track are linked
together into the track primitive. Given the short time which XFT has, the parameters of the
track primitive are estimated very crudely. The information of the found track primitives
is delivered to the Extra Polator unit (XTRP) and to Level-2. The XTRP matches the
track primitives from XFT with the muon and calorimeter primitives. XTRP also uses a

predefined set of pattern to speed up the matching process.

Level -2

The events accepted by Level-1 go to Level-2 for the further processing. The Level-2
uses the primitives from the Level-1 plus some additional information from the calorimetry
and SVX. The information of r — ¢ hits from the SVX is used to extrapolate the XFT track
primitives inside the SVX and to determine the track impact parameter, dy. Some triggers
look for tracks with high dy, i.e. for the events with displaced vertex. This capability was

introduced in Run II.

Event Builder and Level -3

In the Event Builder system the event fragments from the different parts of the detector

are put together and go further as one whole piece. This is done with the aid of an Asyn-
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chronous Transfer Mode (ATM) network switch, which takes the event fragments from the
Level-2 VME crates, puts them in the proper places and then feeds them to the Level-2.

The Level-3 farm consists of hundreds of computers [87]. They are subdivided into 16
groups (sub-farms) of 16-18 computers in each. One computer in each sub-farm serves as
converter node, accepting the data from the Event Builder and directing it to one of the
other computers in the sub-farm (processor node) for the analysis. The accepted events
go to the output nodes and then further to the mass storage device. Each output node is
shared by two sub-farms.

The processor nodes transform the event fragments into a united event record, which
has all the information about the event from all components of the detector. The Level-1
and Level-2 have to deal with crudely reconstructed primitives because of the lack of time.
The Level-3 has enough time to fully reconstruct tracks, muons, electrons, jets etc and to

apply the final trigger requirement to them.

Trigger path

The data used in this analysis was skimmed from the Stream B inclusive high-pr central
electron and muon dataset, and is discussed in further detail in Section 3.2. The L1, 1.2 and

L3 triggers for these data samples are listed in Table 2.4.

‘ CEM path
L1 | L1_CEMS_PT8 v-4
12 | L2 CEM8 PT8 CES3 TRK5 DPHIIL0
L2 CEMS8 PT8 CES3 TRKS
L3 | L3_ELECTRON_ CENTRAL 18
CMUP path CMX path
L1 | L1 CMUP6_ PT4 L1 CMX6 PT8 PS1
L1_CMX6_PT8_CSX_PSI
L1 CMX6 PT8 CSX

12 |L2_AUTO L1_CMUP6_PT4 12 AUTO L1_CMX6 PT8
L2 _TRK8 L1_CMUP6 PT4 L2 _AUTO_L1_CMX6_PT8_CSX
L3 | L3_MUON_CMUPIg L3_MUON_CMXI8

Table 2.4: The trigger paths used in leptoquark search analysis. The number following the
muon type denotes the pr trigger of the muon stub. The number follwing the “PT” denotes
the pr of the XFT trigger.

The names of the trigger paths reflect their trigger criteria. The number following
the muon type, e.g. the L1 trigger L1 _CMUP6_PT4, denotes a Level-1 6 GeV/c trigger
derived from the muon stub. The number following the “PT” denotes the muon momentum
trigger from the XFT and “TRK” denotes a cut based on the track-pr. “AUTO” denotes an
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automatic Level-2 accept and the “PS” denotes the implementation of a prescaled acceptance
rate. Similarly, the electron trigger L2 _CEMS8 PT8 CES3_TRKS stands for a level-2
selection path as, the minimum energy stored in central electromagnetic calorimeter (CEM)
as 8 GeV/c?, minimum electron transverse momentum as 8 GeV/c, the minimum energy
stored in central electromagnetic shower detector (CES) as 3 GeV/c?, and the cut based on

associated track-pr as 8 GeV/c.
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Chapter 3

Data Analysis

3.1 Analysis Strategy and Routine

Chapter 2 introduced the experimental assets. Tevatron and CDF provide us a platform
to associate the physics objects with detector components.The data collected and recorded
from detector usually called physics “events”. We study the physics processes organizing
these events by their signature. The analysis performed in this thesis belongs to signature
based searches.

The strategy in signature based searches usually follows a such routine: First we clarify
the signature of physics object for our analysis. Then by setting a series of kinematic
cuts, we define the signal region and control region. Various regions are used to verify
our understanding of the backgrounds composition and distribution. They also help us to
understand the signal behavior of kinematic quantities. Those cuts are applied to the data
in sequence with the purpose to suppress the backgrounds and enhance the signal retention.
Therefore the data analysis in this thesis is more or less like a counting experiment. All cuts
need optimized so that we can get the maximum ratio of signal over backgrounds. In the
end the final observed number of events are compared with Standard Model expectation.
If there is a significant inconsistency found between observations in the signal region and
Standard Model predictions, it would be a indication of new Physics beyond SM; Otherwise
we will set a upper mass exclusion limit on production cross section if no excess occurs.

As discussed in Section 1.3.2 and 1.3.2, third-generation leptoquarks can decay into 7q7q
for BR =1 and 7qvq for BR = 1/2. We pick up 7¢7q mode and let taus continue decay to
leptons like electrons and muons. The quarks in any decay channel will fragment into a jet.
The neutrino will pass through the CDF II detector undetected due to its neutral charge
and negligible mass and will appear as an imbalance of transverse energy in the detector.

Thus, we search for the signature as lljj (Here [ can be either electron or muon). Because

60
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the branching ratio for leptoquark decay is unknown, separate searches are performed for
each possible final state. Each searche contains the kinematic feature of two highly energetic
jets plus two isolated high-pr electron/muon.

The number of signal events for each channel is calculated based on the data luminosity,
the theoretical cross section, and the efficiency of detecting the signal event in the data.
Although the signature for each channel is different, the selection rule is same — We have to
keep the selection efficiencies as high as possible. This is important for leptoquark searches
so that a signal is experimentally accessible at the Run II energy of /s = 1.96 TeV. We will

discuss the analysis details for each channel in the next two chapters.

3.2 The Inclusive High-pr Data Sample

Each event recorded by CDF II contains a rich information about all kinds of physics
objects, and at every second there are hundreds of thousands events generated at interaction
point. The way to handle such kind of data is to split them into a file system with a
manageable size, called dataset. Each dataset corresponds to specific analysis purpose and
matches the general event selection criteria.

Based on third generation leptoquark signaure, the datasets we needed in this analysis
are lepton samples. For electron, one such dataset is the Level-3 trigger dataset for high-pr
electrons located on tape with catalogue identifier bhel08/09. This dataset was reconstructed
using offline CDF II software version 6.1.4 and is comprised of data collected from March
2002 to February 2006 [20]. For muon case, the dataset is called bhmu08/09.

The data sample used for this analysis is a filtered version of the bhel08/09 and bhmu08/09
dataset stripped for the CDF Top Group from the inclusive high-pr lepton datasets. The
events were filtered using a loose set of cuts listed in Table 3.1 to keep a high efficiency for
events containing high-pr central electrons and muons. Aslisted in Table 2.4, The level3 trig-
ger names for these high-pr leptons are: ELECTRON CENTRAL 18, MUON CMUP18
and MUON _CMX18. The resulting inclusive central lepton datasets are located on tape
with catalogue dataset identifier bhel0d/bhmu0d for data taken from March 2002 to Au-
gust 2004, bhelOh/bhmuOh for data taken from December 2004 to September 2005, and
bhel0i/bhmu0i for data taken from September 2006 to February 2006.

So far, the data sample we have processed for this analysis only includes dataset bhel0d
and bhmu0d, which corresponds to an integrated luminosity of 361.82 +21.26 pb~! and
contains good runs from 141544 to 186598 . This luminosity figure contains a correction
factor of 1.019 to account for a measured proton-antiproton inelastic cross section of 60.7 mb
[65]. The good run list was selected following the Good Run List v14 created by the CDF

Data Quality Group [113]. Runs were selected based on the electron and muon detector.
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tcl switch ‘ Inclusive Electron Criterion
e CdfEmObject.Pt set 9.0 pr > 9 GeV/c
e CdfEmObject.etCalMin set 18.0 Er > 18 GeV
e CdfEmObject.delX set 3.0 Az < 3.0 cn
¢ CdfEmObject.delZMin set 5.0 Az < 5.0 cm
o CdfEmObject.E/P set 4.0 E/P < 4.0
¢ CdfEmObject.lshr set 0.3 Lgpr < 0.3
e CdfEmObject.hademMax set 0.125 | Egap/Erm < 0.125
tcl switch Inclusive Muon Criterion
e minPtCut set 18.0 pr > 18 GeV/c
e useSlidingEmCut set true Egy < max(2,2 + 0.0115(p — 100)) GeV
e useSlidingHadCut set true Egap < maz(6,6 + 0.0280(p — 100)) GeV
e maxCMUdXCut set 5.0 Az(CMU) < 5.0 cm
e maxCMPdXCut set 10.0 Az(CMP) < 10.0 cm
e maxCMXdXCut set 20.0 Az(CMX) < 20.0 cm
e maxBMUdXCut set 50.0 Az(BMU) < 50.0 cm

Table 3.1: The level-3 trigger criterion used to filter the bhel0d/0h/0i and bhmu0d/0h/0i
dataset.

Good showermax and good silicon status were not required. For the CMX detector, the
good run list is divided into two sections, pre-CMX and post-CMX. The luminosity with
and without the CMX detector in the run is Z(pre-CMX) = 20.08 pb~! and Z(post-
CMX) = 341.74420.50 pb~! respectively. At the time of writing this thesis dataset bhelOh /i
and bhmuOh/i are still under processing due to the limit of our disk space, we will update

our search result once the analysis job is done.

3.3 Leptoquark Signal Monte Carlo

We generated ten 5000-event samples of leptoquark pairs decaying into 7¢ with lepto-
quark masses Mg ranging from 80 to 260 GeV/ c2. The leptoquarks have charge —2/3

and are forced to decay as LQLQ — 7—brtb. This decay mode corresponds to the BWR

L
1/2°

tau, we use package TAUOLA [49, 50] to force taus decay to specific leptons at generator

leptoquark model S as shown in Table 1.3. Moreover, for each leptonic decay mode of
level. i.e. 77 = e, 7~ — p~. (Therefore it’s thirty 5000-event samples instead of ten,
because we apply TAUOLA to all three leptonic channels, and for each channel we generate
ten 5000-event samples with various leptoquark masses.)

The events were generated using Pythia [111] and CDF software base release 6.1.4 The
samples were generated to simulate realistic beam conditions by emulating run number

151435 and using the following talk-to for the full beam position:
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talk GenPrimVert
BeamlineFromDB set false
sigma_x set 0.0025

sigma_y set 0.0025

sigma_z set 28.0
pv_central_x set -0.064
pv_central_y set 0.310
pv_central_z set 2.5
pv_slope_dxdz set -0.00021
pv_slope_dydz set 0.00031

exit

All of the scalar leptoquark Monte Carlo samples have been generated at Leading Order
with Q% = MgQ and the MRS-R2 PDF set [28]. The samples were simulated with cdfSim

version 5.3.3_nt and were reconstructed using Production 6.1.4.

3.4 Background Monte Carlo

When we look at the final state of three possible leptonic decay channels, the main sources
of background for the egeq and pugug channel are Drell-Yan events associated with 2 jets
where the Z/~* decay into 2 electrons or 2 muons, top production where both W — e/u+v,
events due to QCD processes and fake leptons, and cosmic ray events accompanied by jets
due to radiation. For the equg channel however, the Drell-Yan is no longer the dominant force
since Z/v* doesn’t decay to lepton pair in different generations. Top production becomes
the major source in this channel. W events with 3+ jets also makes its contribution as
background, in which one of the jets is mismeasured as lepton. Other backgrounds for these
leptoquark decay channels include bb, Z — 77, and W+ W ~ but have negligible contributions
after kinematic selection.

Details of the generation of the background samples and specifics regarding the estimated
background calculation in the eqeq,uquq and equq channels are discussed in Sections 4.3 and

5.3 respectively.

3.5 Electrons

As the lightest lepton, electrons leave a large amount of ionizing energy in CDF electro-
magnetic calorimeter. In particular, Central Electromagnetic Shower (CES) chamber sys-
tem, Plug Electromagnetic Shower (PES) chamber system, and Central Preradiator (CPR)

chamber system are the most effective detectors to capture and record the electron events.
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Besides electrons, photons and jets also travel through and store a large amount of energy
through the calrimeter. To identify electrons among these physics objects, here we list a
summary of the selection cuts and the individual efficiency for each selection cut, which are

shown in Table 3.2 and 3.3, respectively. Details are discussed in the following section.

‘ Variable ‘ ‘tight’ central ‘ ‘loose’ central

Er > 20 (25) GeV > 20 (25) GeV

Pr > 10 GeV/c > 10 GeV/c

Iso4 < 0.1 < 0.1

Ehed/Eem < 0.055 + 0.00045*E < 0.055 + 0.00045*E

E/P < 2.0 or Pr > 50 GeV/c

Lgpyr < 0.2

Q* Az -3.0 cm to 1.5 cm

|Az| < 3.0 cm

X25trip <10

| z0] < 60.0 cm < 60.0 cm

COT Track quality | 3 axial and 3 stereo SL 3 axial and 3 stereo SL
with at least 7 hits each | with at least 7 hits each

FIDELE 1 (fiducial in CEM) 1 (fiducial in CEM)

Table 3.2: The electron ID selection cuts. See Ref. [90].

3.5.1 Electron Identification and Isolation Efficiency

A description of the variables used in the electron ID and isolation selections follows.

e FEp: The transverse electromagnetic energy deposited by the electron in the CEM is
calculated as the electromagnetic cluster energy multiplied by sin(6), where 6 is the
polar angle provided by the best COT track pointing to the EM cluster. An electron
cluster is made from a seed EM tower and at most one more shoulder tower in the
same wedge, passing some well defined requirements [91]. The maximum cluster size
could have two towers in pseudorapidity ( An ~0.2 ) and one tower in azimuth ( A¢ ~
0.13 rad )

e Pr: The transverse momentum of the COT beam constrained track as measured using

the track curvature in the COT in the magnetic eld.

e Isolation: The energy in a cone of radius AR = /An?+ A¢? < 0.4 around the
electron cluster excluding the electron cluster divided by the energy in the electron

cluster. We correct the isolation variable for calorimeter leakage (see [96]).1

'Most analyses in the EWK and Top groups are using the Isolation fraction rather than total Isolation,
thus this is the variable we use here.
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| Variable | Data (E; > 20 GeV) | Data (Ep > 25 GeV) |
N-t eff. (%) N-leff. (%) || N-t eff. (%) N-leff. (%)
Enad/Eem | 99302 99405 | 99302 994 % 05

E/P 913+03 934+04 || 91.2+03 933404
Isod 975+02 97.9+04 || 976 +0.2 98.0 &+ 0.4
Lhr 9894+ 02 994405 || 989+02 994405
Q*xAz | 982+02 999405 | 982402 999+ 05
|Az| 993 +£0.1 99.9+05 || 99.4+01 99.9 £ 0.5
X strip 963+ 02 96.9+04 || 962+02 96.9 + 0.4

# Axial SL | 99.6 £ 0.1 99.7+0.5 99.6 £ 0.1 99.7 +£ 0.5
# Stereo SL | 975 +£0.2 978 +£0.4 974 +02 978+ 04
Total er 82.5 £ 0.5 82.5 £ 0.5
Total €, 94.0 =+ 0.3 94.1 +£ 0.3

Table 3.3: The electron ID cut efficiency. er stands for tight central selection efficiency, €y,
stands for loose selection. All uncertainties shown are statistical. See Ref. [90].

® Fhad/FEem: The ratio of the hadronic (CHA+WHA) calorimeter energy to the electro-

magnetic (CEM) calorimeter energy for a cluster.

e E/P: The ratio of the EM cluster transverse energy to the COT track transverse

momentum.

e Lgp: The lateral shower profile for electrons. This variable compares the energy in

CEM towers adjacent to the seed tower for data and test beam electrons [97].

e Q * Ax: The distance in the r- ¢ plane between the extrapolated, beam constrained,
COT track and the best matching CES cluster, times the charge of the track.

e A z: The distance in the r-z plane between the extrapolated, beam constrained, COT
track and the best matching CES cluster.

° 2 strip: Lhe x? comparison of the CES shower profile in the r-z view with the same

profile extracted from test beam electrons.
e 29: The z intersection of the track with the beam axis in the r-z plane.

e Track quality cuts: The electron associated track must have passed through 3 axial

and 3 stereo superlayers (SL), with at least 7 hits out of 12 in each SL.
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3.6 Muons

Compared to electrons, muons are about 200 times heavier and their bremsstrahlung
radiation is therefore about 40,000 times smaller. This property makes muons a better pen-
etrating charged particles than others. They can travel through most detector calorimeter
layers in CDF while leaving behind only a small amount of ionizing energy.

For this reason, the various muon detectors at the CDF II have been placed around
the outer-most region of the detector. Three muon detection systems are included in this
analysis: CMU, CMP, and CMX. Each is located in the central pseudorapidity region (see
Section 2.2.3). We determine the muon type by reading its stub hits associated with its
reconstructed track. For instance, we define a CMUP muon that contains stubs hits from
both the CMU and CMP detectors, likewise a CMX muon contains a stub hit from the CMX
muon system. In addition we define a special type of muon called “TRK” muon, which is
neither the type of CMUP nor CMX (But it’s still highly energetic, like the CMIO tracks
used in Run I).

For puquq channel, we consider either CMUP, CMX or TRK muon as the candidate, for
equq channel we only conside CMUP or CMX muons. Selection details will be discussed in
Chapter 4 and 5.

For all CMUP and (most) CMX muons in this analysis we are using non-beam-constrained
tracking. The associated tracks objects are called “DefTrks”. DefTrks are a collection of
tracks stored in the PAD tracks collection. Since they are fitted by hit information from the
silicon detectors, DefTrks do not rely on the run-dependent beam location. This method is
inherited from the CDF Top Group.

The curvature of the muon tracks is corrected by so-called “Larry Correction”, as pre-
scribed in CDF Note 6558 [98]. The rate of false curvature was determined by studying
the E/p distributions as a function of ¢ for positive and negative tracks in the data. The
difference in the E/p for negatively and positively charged tracks is fitted and the curvature

correction is determined to be:

1 1
= —0.00039 — 0.00129 - sin(¢ + 0.47), (3.1)
q-pr q-pr
where pr is the muon transverse momentum, ¢ is the azimuth angle and q is the charge.
Only tracks with silicon are corrected. Therefore we apply the correction to muon tracks in
which the error on the impact parameter is o(d0) < 0.33. This requirement indicates the

presence of silicon in the track reconstruction.
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3.6.1 Muon Identification and Isolation Efficiency

A summary of the Muon ID selection is shown in Table 3.4. A description of the variables
used in the muon ID and isolation selections follows.

The efficiency study of Muon ID is carried out by CDF electroweak group by taking Z —
ptu~ events as the learning process (|88, 89]). The CMUP and CMX muon identification
method and the selection cuts variables are extracted from their report. However there is
one point to notice, Electroweak group use beam-constrained COT tracks as their associated
muon tracks, while in this thesis we are using non-beam-constrained track object as DefTrks.
Details of the study of the muon ID and isolation efficiencies using DefTrks (including TRK

muon), and the table of muon ID efficiencies can be found in Appendix D.

Cut Variable Purpose Condition

Pr > 20 GeV/c

Eem/GeV MIP < 2+4max(0,0.0115%(p-100))
Epoq/GeV < 6-+max(0,0.0280*(p-100))
Ei°/Pr < 0.1

Number of axial SL with > 5 hits >3

Number of stereo SL with > 5 hits >2

|z0] track quality < 60 cm

Tracks w/ no silicon hits: |dp| < 0.2 cm

Tracks w/ silicon hits: |do| < 0.02 cm

|Az|(CMU) < 3 c¢m (if CMUP)
|Az|(CMP) Track-Stub match | < 5 cm (if CMUP)
|Az|(CMX) < 6 cm (if CMX)

Table 3.4: The muon ID selection cuts. TRK muons are not required to satisfy the track-stub
match.

e Egy and Egap — Muon is regarded as Minimum Ionizing Particle (MIP) due to
its ability passing through the detector without leaving large amount of energy in
calorimeter and no significant reduction caused in its momentum. Egpy and Egap
refer to the muon energy deposited in the electromagnetic and hadronic calorimeters.
Because the amount of energy deposited in the calorimeter is dependent on the particle
momentum, the Egy and Egap selection cuts slide with the muon momentum. For
pr < 100 GeV /c, the cuts are Egy < 2 GeV and Egap < 6 GeV. For pr > 100 GeV/c,
the cuts slide as Fgpr < 24+0.0115(cpr —100) GeV and Egap < 6+0.0280(cpr —100)
GeV. Figure 3.1 shows the Egjs and Egap distributions for leptoquark Monte Carlo.

e Ei%°/pr — This is the fractional isolation defined by the ratio of transverse momentum
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Figure 3.1: Electromagnetic (left) and hadronic energy (right) distributions for muons from
leptoquark decay, pquq channel (Mpg = 120 GeV/c?).

in a cone radius 0.4 about the muon and the total transverse muon momentum. This
cut reduces possible muons which radiate photons via higher-order QCD processes.
A well isolated muon is required to have E?O/pT < 0.1. The efficiency of this cut is
listed in Table 3.5.

e |Az| — It stands for the r - ¢ distance between the fitted track path and the muon
stub hit location. The purpose of this cut is to make sure that a track is correctly
associated to a muon stub hit. E.g. If a track has a distance longer than 3 centimeters
from a CMU muon stub (5 cm for CMP, 6 cm for CMX), most likely it’s other charged
particles trajectory and we won’t consider them as one associated muon event. The
value of the stub-match cut is related to the distance in r of the muon detector from
the event vertex. TRK muons are not required to pass this cut. Figure 3.2 shows the

stub match distributions for leptoquark Monte Carlo.

e Track quality variables — The number of COT Stereo hits and COT Axial hits, and
z-vertex belong to this category. Ngtereo and Nggiqr are required to be at least 20 and
16 respectively. By definition, a DefTrk contains at least 20 stereo and 16 axial COT
hits OR at least 5 axial silicon hits. The purpose for applying this selection cut is thus
to reject any muons which qualify as a DefTrk via the 5 axial silicon hit requirement.
The effect of this cut is only felt by TRK muons. The reason for this is that because
TRK muons are not required to have a stub match, their track pseudorapidity is not
restricted to the central region of the CMUP and CMX detectors. The pseudorapidity
range of the TRK muons is limited only by the quality of the track. For an event with

a z-vertex less than 60cm, reconstructed TRK muons with a pseudorapidity greater
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Figure 3.2: Stub-track matching for CMU, CMX, and CMX muon types in the M7g = 220

GeV/c? Monte Carlo sample.

than 2.0 are unlikely to pass muon selection cuts. As a result, COT hit requirements

are likely to reject, for example, any forward region muon fitted to a track defined only
by silicon hits and a BMU stub. The efficiency of this cut is 98.8% for TRK muons,
and is 100% for CMUP and CMX muon.

A summary of the individual preselection efficiencies for each muon type is shown in

Table 3.5. Detailed discussion about efficiency of trigger, reconstruction and Z-Vertex are

included in Appendix E.

CMUP CMX TRK
€murp | 88.9 £0.6% | 95.2 £0.5% | 94.0 £0.1%
€mulso | 98.2+0.3% | 97.7+0.6% | 97.8 +0.0%

Etrig 88.7 £ 0.7% | 95.4 +0.6% -
€muReco | 94.5 +0.6% | 99.2 +0.3% -
€fid 95.1 + 0.1(stat) £ 0.5(sys)%

Table 3.5: Efficiency summary table as from Ref. [88], [89], [105], [110], and Appendix D

and E.



CHAPTER 3. DATA ANALYSIS 70

3.7 Missing Transverse Energy, Fr

The transverse energy FEr, is defined as E'sinf, where E is the energy measured by
the calorimeter. The imbalance in transverse energy, Fr, is the magnitude of Er with
Er=-), E%ni, where n; is a unit vector that points from the interaction vertex to the
ith calorimeter tower in the transverse plane. Usually ¥t is regarded as the presence of an
outgoing undetected neutrino in a physics event.

In this analysis, the raw Fp value has to be corrected with two factors. First, the Fp

must be corrected to exclude the muon energy deposited into the calorimeter:

Pr(z) = —E(z) = —Z(HADi + EM;) cos ¢; + (HADY. + EMY) cos ¢, — phcos ¢y, (3.2)

Pr(y) = —B(y) = =) _(HAD; + EM;)sin¢; + (HADY, + EM}) sin ¢, — pj.sin ¢,. (3.3)

2

E(xz,y) is the sum of the hadronic (HAD) and electromagnetic (EM) energy deposited in
the 7 wedges of the calorimeter. Each physics event is assumed to have zero initial transverse
energy and thus the z and y components of the £ are negatively equated to the z and y
components of the total transverse energy detected in the event. The muon energy in an
event is added to the total transverse energy by subtracting the energy it deposits in the
calorimeter and adding the reconstructed momentum.

Secondly, the total sum of transverse energy should be further corrected by the presence
of jets in the event as discussed in Section 3.8. The jet energy corrections are accounted for

in the Fr calculation.

3.8 Jets

At CDF jets are observed as clustered energy depositions in the calorimeters, usually
resulting from the quark or gluon fragmentation. Jets are clustered using a cone algorithm
with a fixed cone size in which the center of the jet is defined as (77¢, ¢/¢!) and the size of
cone as R = y/(nfower — piet)2 4 (gtower — pjet)2 — (0.4, 0.7 or 1.0. In this analysis we use

the jets with clustering cone-radius as 0.7. Furthermore, we ask jets stay in the region of

pseudorapidity within 2.0.

We take two types of jets into our selection. The first one is “tight”, whose transverse
energy must be greater then 25 GeV. The other is “loose”, which is required to have Ep > 15
GeV. Tight jets are a subset of loose jets. The jet energies can be distorted due to various
underlying and physical effects. The raw jet energies are thus scaled to account for these
effects in order to obtain the energy of the final state particle-level jet. The following

combination of corrections to the raw jet energies account for these effects (the nomenclature
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follows CDF convention)[114, 41]:

e Eta-dependent - This correction is applied to raw jet energies measured in the calorime-
ter to make jet energy uniform along eta. The transverse energy of the two jets
in a 2->2 process should be equal. This property is used to scale jets outside the
0.2<|eta|<0.6 region to jets inside the region. (Level 1)

e Multiple interactions - Corrects the jets for events with multiple interactions for the
same bunch crossing. The contributions from the extra interactions are subtracted on

average. (Level 4)

e Absolute - Corrects the jet energy measured in the calorimeter for any non-linearity

and energy loss in the un-instrumented regions of each calorimeter. (Level 5)

e Underlying event - Corrects for the energy associated with the spectator partons in a

hard-scattering event. The energy is subtracted on average. (Level 6)

e Qut-of-cone - Corrects the jet energy for leakage of radiation outside the clustering

cone used for jet definition. (Level 7)

Level 2 and Level 3 corrections were used to correct the jet time dependence and the
energy scale difference between Run I and Run II. Since the new Gen 6 cdf software released,

these two levels are covered by other corrections and are no longer in use.



Chapter 4

Search for Scalar Leptoquarks in the

eqeq and uqugChannel

As discussed in Section 1.3.2, the experimental signature for pair-produced third gener-
ation scalar leptoquarks for the BR = 1 case consists of two isolated high-pr taus and two
energetic jets. In this chapter we focus on both taus decay into two electrons first, then we

discuss the case of both taus decay into two muons.

4.1 eqeq channel analysis

The full data sample is reduced by preselecting events according to the criteria described
in Appendix E. Each event is required to be a di-electron event such that at least one electron
is of type ’tight’ central and the second electron is of type so-called 'medium’ central.

The definition of tight central electron and the corresponding identification cuts are
shown in section 3.5 and table 3.2. The medium central electron is defined in the following
table 4.1.

For the di-electron event selection, we pick the combination of one tight central electron
plus one medium central electron instead of two tight electrons. The main reason for a such

combination is to improve our lepton selection efficicency from signal.

4.1.1 Monte Carlo study and analysis cuts applied

Once the di-electron events have been preselected, the events are required to pass a set
of selection cuts designed to discriminate the preselected events from possible backgrounds
mimicking the leptoquark signal. Section 4.3 discusses the various possible backgrounds in

the egeq channel. The simulated signal and background events used to study the acceptance

72



CHAPTER 4. SEARCH FOR SCALAR LEPTOQUARKS IN THE EQEQ AND pQuQCHANNEL 73

‘ Variable H Medium Central Cut ‘

kinematic cuts

Ep > 8 GeV
Pr >4 GeV/c
Fiduciality fidEle = 1
(CES based)
Zvertex |20tk | < 60.0 cm

identification cuts
Ehed/Eem < 0.055 + 0.00045*E
E/P < 1.8 or Pr > 50 GeV/c

Lgpy < 0.2
X2st'rip < 10.0
Q * Az -3.0 cm to 1.5 cm
|Az| < 3.0 cm
Iso4 < 0.1

Table 4.1: Medium central eletron summary table as from Ref. [92].

of the selection cuts are discussed in Section 3.3 and 3.4. The selection cuts are applied to

the data in the following order:

1. The first electron with Ep > 25 GeV, the following electron with Ep > 10 GeV - This
cut ensures that the electron is a properly triggered electron and reduces the amount
of QCD background associated with less energetic electrons. The leading and second

leading electron Er distributions for a leptoquark mass of 120 GeV /c? are shown in

Figure 4.1.
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Figure 4.1: Pr and Ep distributions for leading (black) and second leading (light blue)
electrons (left) and jets (right) for Mz = 120 GeV/c?.
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2. Two jets with Er(j1) > 25 and Er(j2) > 15 GeV - The requirement that both
a tight and loose jet be present in the event significantly reduces the number of
background events. We also require these two jets to stay in the central region of
CDF detector (|ngetector| < 2.0), out of cone within two electrons mentioned above
(AR(electron, jet) > 0.7), plus having a EM fraction less than 0.9. The leading and
second leading jet Er distributions for a leptoquark mass of 120 GeV /c? are shown in

Figure 4.1.
3. ET(]I) —|—ET(j2) > 50 GeV

4. Topology cut: Ad(leptons + jets, Fr) > 120° - The angle cut is mainly to filter
the Drell-Yan background out. Due to the lack of neutrinos, Drell-Yan won’t have a
balanced MeT with leptons plus jets. The balanced situation is more or less like a
back-to-back case (180°), here after cut optimization, we set the lower limit of angle

between electrons plus jets and missing transverse energy as 120 degrees.

5. Transverse kinematic variables cut - The purpose for this cut is to suppress the top
production backgrounds. Top decays into W and b quark, while W continues going to
lepton. e.g. W — ev. On the other hand, the third generation leptoquark decays to 7
and b, while 7 continues going to electron. Hence the different mass spectrum of W and
T becomes the key to filter top backgrounds out of signal, and that is the motivation
we put transverse kinematic variable check here. More details about this check are
discussed in section 4.3.2. After cut optimization, we set Mr(el, Fr) < 25GeV and
Mrp(e2,E7) < 25GeV as the cut condition for egeq channel.

6. H; cut - Here we define two variables, Et sum and Ht mag:
Et_sum = Ere1 + Ereo+Erj1 + Erjo
Ht mag = \/(Eel + FEea + Ej1 + Ejg)w2 + (Ee1 + Eeo + Ej1 + Ejz)yz

Then we make a 2-D plot of Et_sum (as y) v.s. Ht _mag (as x). Because magnitude of

vectors are always smaller than or equal to the sum of transverse values, a distribution
plot of Et _sum v.s. Ht mag within the region of the left top plane is expected. We
found that this cut is extremely effective to filter Drell-Yan and signal (See Figure
4.2.) From plot we can see that Drell-Yan distribution dots stay closer to y axis, in
other words, they are in a steeper slope region, while L(Q) signal scatters more. Based

on this difference, after optimization we set the cut condition as:

Et sum < 3.0 * Ht _mag + 40.0

7. Removal of events with 75 < M,./GeV/c?< 105 and M., < 15 GeV/c? - This cut
reduces the Drell-Yan backgrounds and low energy electron events from J/¥ or T. We
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Figure 4.2: Et sum v.s. Ht mag, comparison among Inclusive Top (right top), Drell-Yan
to di-electron + 2jets(left bottom), and Leptoquark mass @ 120 GeV in eqeq (right bottom).
The size of the bins is 1 GeV by 1 GeV
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also ask two electrons to be at opposite electric charges to avoid mass peak scan on
wrong e-e pair.
4.1.2 Acceptance and Kinematical Efficiency Calculation

After we set up and optimize the analysis cuts, the kinematic acceptance based on Monte

Carlo study is calculated in this way:

events passing selection cuts)
N(total events)

N(

A(LQ) = (41)
Since the electron ID and isolation efficiencies are calculated using real physics data, the
efficiencies from these selection cuts will not be the same for simulated events. Therefore a
correction factor accounting for this disparity must be applied to the signal and background
Monte Carlo. Table 4.2 shows the scale factors for the leptoquark Monte Carlo for several

leptoquark masses. Scale factors were also calculated for the various backgrounds.

Mass (GeV/c?) | Tight | Loose | Medium
Ele ID: Data/MC
80 0.9843 | 1.0589 | 1.0472
120 0.9914 | 1.0767 | 1.0590
160 1.0145 | 1.0695 | 1.0615
200 1.0021 | 1.0554 | 1.0623
240 0.9826 | 1.0328 | 1.0667
Ele Isolation: Data/MC
80 1.0447 | 1.0103 | 1.0311
120 1.0490 | 1.0180 | 1.0349
160 1.0561 | 1.0384 | 1.0617
200 1.0523 | 1.0410 | 1.0758
240 1.0637 | 1.0619 | 1.1052

Table 4.2: The ratios of efficiences between data and leptoquark Monte Carlo. The ratio is
defined as data/MC. Scale factors calculated for the background Monte Carlo are not shown
here.

Furthermore, the total analysis cut efficiency is folded with Monte Carlo acceptance,
and the efficiency of trigger, electron ID, electron reconstruction, Z-vertex cut and fractional
isolation cut (Preselection efficiencies are discussed and listed in Appendix E, also see Table
3.5 for details).

€ETOTAL = A(LQ) X SF(MC) X €trigger X €ele ID X €recon X €vertex X €iso (4-2)
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The result of analysis cut efficiencies is reported in Table 4.3. Figure 4.3 shows the

kinematic acceptance as a function of the leptoquark mass.

Mass Acceptance NLO o Expected events
GeV /c? (pb) | number at 361 pb~!

80 1.30+0.1+0.3% | 524 7.83

100 2.47+0.14£0.3% | 158 4.48

120 3.02+0.1+0.4% 5.73 2.02

140 3.824+0.1+0.4% | 2.38 1.04

160 4.184+0.1+0.4% 1.08 0.52

180 5.49+0.24+0.5% | 0.525 0.33

200 6.08+£0.2+0.5% | 0.268 0.19

220 5.65+0.2+0.5% | 0.141 0.09

240 5.23+0.24+0.5% | 0.0762 0.05

260 5.12+0.2+0.5% | 0.0419 0.025

Table 4.3: Kinematic efficiency as a function of the leptoquark mass. To normalize the
expected event number with the same luminosity that real data has, the cross-section has to
be multiplied with the branch ratio 77 — ee, since we force such tau decay to the electron
at generator stage.

After our analysis cuts, four events remain in the real data. In Table 4.4 we report the

number of events surviving each kinematical cut.

Kinematic Cut Nobs
2 electrons with Ep(el) > 25 and Ep(e2) > 10 GeV 2646
2 jets with Ep(j1) > 25 and Ep(j2) > 15 GeV 96
ErGL) 1 Br(j2) > 50 Gev 96
Topology cut 47
My (el,Br) and Mr(e2,E7) < 25 GeV/c? 26
Ht cut 4
Removal of events with 75 < M, < 105 and M., > 15 GeV /c? 4

Table 4.4: List of events passing the selection cuts in 361 pb~—! of data.

4.2 uqug channel analysis

The signature for pugug channel is two high-pr muons plus two energetic b-flavor jets.
As for muon combo, each event is required to be a dimuon event such that one muon is of
type CMUP or CMX and the second muon is of type CMUP, CMX, or TRK.
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Figure 4.3: The selection cut efficiencies as a function of leptoquark mass in eqeq channel.
The curve shows the final efficiency with scale factor of Data/MC included. The statistical
errors are plotted.
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The full data sample is reduced by preselecting events according to the criteria described

in Appendix E. The di-muon pair could have five possible combinations:

e CMUP-CMUP where both the muons pass the selection criteria for a CMUP muon.

e CMUP-CMX where one muon passes the CMUP identification criteria and the other
passes CMX.

e CMX-CMX where both the muons pass the selection criteria for a CMX muon. A
CMX muon is demoted to the status of TRK if it fails to pass the COT exit radius

requirement.

e CMUP-TRK where one muon passes the CMUP identification criteria and the other
is neither a CMUP nor CMX muon.

e CMX-TRK where one muon passes the CMX identification criteria and the other is
neither a CMUP nor CMX muon.

Five combinations, five corresponding event-type efficiencies. This is because the pre-
selection efficiencies depend on the muon type, each dimuon event must be categorized
separately so that its efficiency can be calculated correctly based on the proper candidate
muon type.

The efficiencies of five different preselection combinations are shown as follows:

€epp = (egig x (2 — egig)) x el x (5 epr X eil.fo)2

epx = (egig + egzig - (egig X egzig)) x e/t 5 €790 x 1€ x eEP % el x €130 x €850
eExx = (e?éig x (2 — egig)) x el x (e x e&D X 63?0)2

epr = en x elP x P x €50 x el x €i50 x €lf®

eExT = ef,?g x el x elP x 560 x el x €830 x e

There is no trigger efficiency associated with TRK muons since they are not triggerable
muons. Using the values from Table 3.5, we obtain for the event-type efficiencies listed in
Table 4.5.

4.2.1 Acceptance and Kinematical Efficiency Calculation

Once the dimuon events have been preselected, the events are required to pass a set
of selection cuts designed to discriminate the preselected events from possible backgrounds

mimicking the leptoquark signal. Section 4.3 discusses the various possible backgrounds in
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Event-type Efficiencies, uqug channel
epp = 0.637 £ 0.011

Epx — 0.718 + 0.011
exx = 0.807 £0.011
epr = 0.631 £ 0.008

exT = 0.761 £ 0.007

Table 4.5: The total event-type efficiencies calculated using values from Table 3.5.

the ugug channel. As discussed in previous Section 3.3 and 3.4, we generate Monte Carlo
events to simulate the signal and background and study the acceptance of the selection cuts.

These selection cuts are applied to the data in the following order:

1. The first muon with py > 25 GeV/c, followed by another muon with pr > 10 GeV/c -
This cut ensures that the muon is a properly triggered muon and reduces the amount
of QCD background associated with less energetic muons. The leading and second
leading muon pr distributions for a leptoquark mass of 220 GeV/c? are shown in
Figure 4.4.
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Figure 4.4: Pp and Ep distributions for leading (dark) and second leading (light) muons
(left) and jets (right) for Mpg = 220 GeV/c?.

2. 2 jets with Ep(j1) > 25 and Er(j2) > 15 GeV - The requirement that both a tight
and loose jet be present in the event significantly reduces the number of background
events. We also require these two jets to stay in the central region of CDF detector
(Ingetector| < 2.0), out of cone within two muons mentioned above (AR(muon, jet) >
0.7), plus having a EM fraction less than 0.9. The leading and second leading jet Er

distributions for a leptoquark mass of 220 GeV/c? are shown in Figure 4.4.

3. ET(jl) —|—ET(j2) > 50 GeV
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4. Topology cut: Ad(leptons + jets, Fr) > 120° - The angle cut is mainly to filter
the Drell-Yan background out. Due to the lack of neutrinos, Drell-Yan won’t have a
balanced MeT with leptons plus jets. The balanced situation is more or less like a
back-to-back case (180°), here after cut optimization, we set the lower limit of angle

between muons plus jets and missing transverse energy as 120 degrees.

5. Transverse kinematic variables cut - The purpose for this cut is to suppress the top
production backgrounds. Top decays into W and b quark, while W continue goes to
lepton. e.g. W — pr. On the other hand, the third generation leptoquark decays to
7 and b, while 7 continue goes to muon. Hence the different mass spectrum of W and
T becomes the key to filter top backgrounds out of signal, and that is the motivation
we put transverse kinematic variable check here. More details about this check are
discussed in section 4.3.2. After cut optimization, we set Mp(ul, Br) < 25GeV and
My (pl, u2, 1) < 80GeV as the cut condition for pgug channel.

6. H; cut - The method is similar to the one used in channel eqeq.
Et_sum = Er 41 + Er 4o + E7 j1 + E7 j2
Ht_mag — \/(By1 + By + Ejy + Ej2),” + (B + By + Ejy + Ejp),”
Except in pqug, we set the cut condition as
Et sum < 4.0 * Ht _mag + 50.0 for the best S/B.

7. Removal of events with 76 < M,,/GeV/c?< 110 and M,, < 15 GeéV/c? - This cut
reduces the Drell-Yan backgrounds and low energy muon events from J/¥ or T. Due
to the large mass of the muon, the muon curvature for high-pr muons is not a very
reliable quantity. Therefore there is no requirement that the muons in this veto are of

opposite charge.

Figure 4.5 shows the selection cut acceptances relative to the number of matched muons
of type CMUP, CMX and TRK. The final selection cut acceptances are calculated relative

to the total number of signal events in the Monte Carlo sample.

N(CMUP, CMX or TRK muons passing selection cuts)

A(LQ) = N(total events)

(4.3)

Similar to egeq channel, the total efficiency must be folded with a scale factor, which
stands for the disparity of selection efficiencies between Monte Carlo and the real data. Table
4.6 shows the scale factors for the leptoquark Monte Carlo for several leptoquark masses.
Scale factors were also calculated for the various backgrounds.

Previous analysis of leptoquark search in pgug channel didn’t take TRK muon into

consideration (e.g.[102]) till 2004 when we analyzed 2nd generation leptoquark with 197
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Kinematic Acceptances
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Figure 4.5: The selection cut efficiencies as a function of leptoquark mass. The top curves
show the relative efficiencies of the cuts in sequence, independent of both the preselection
and the geometric detector acceptance. The bottom curve shows the final efficiency with
the geometric acceptance included. The statistical errors are plotted.
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Mass (GeV/c?) | CMUP | CMX | TRK
Muon ID: Data/MC
80 0.9745 | 1.0162 | 1.0211
120 0.9810 | 1.0213 | 1.0385
160 0.9844 | 1.0478 | 1.0499
200 0.9859 | 1.0836 | 1.0570
240 0.9850 | 1.0691 | 1.0832
Muon Isolation: Data/MC
80 1.0409 | 1.0053 | 1.0177
120 1.0478 | 1.0095 | 1.0545
160 1.0492 | 1.0127 | 1.0862
200 1.0501 | 1.0194 | 1.1288
240 1.0535 | 1.0306 | 1.1610

Table 4.6: The ratios of efficiences between data and leptoquark Monte Carlo. The ratio is
defined as data/MC. Scale factors calculated for the background Monte Carlo are not shown

here.

pb ! Run II data ([99]). Since the geometric acceptance is related to the pseudorapidity

coverage of the muon systems, by selecting TRK muon will increase the total selection

acceptance significantly (about 200% boost compare to CMUP selection only) due to the

larger pseudorapidity coverage. The shortcoming however, is the loose n also allows more

background or fake events become the candidate.

Mass
(GeV/c?)

CMUP/CMUP

CMUP/CMX

CMX /CMX

CMUP/TRK

CMX/TRK

80

1.940.1+£0.2%

1.440.1+£0.1%

0.2+0.0£0.0%

2.740.1+£0.2%

0.940.1+0.1%

100

2.240.1+0.2%

1.6+0.1+0.1%

0.3+0.0£0.0%

3.24+0.1+0.3%

1.14£0.14£0.1%

120

2.840.1+0.3%

2.14£0.2+£0.2%

0.5£0.0£0.0%

4.0+0.1+0.3%

1.6+0.1+£0.2%

140

2.6+0.1+0.3%

2.240.2+0.2%

0.4+0.0+0.1%

4.440.24+0.3%

1.74£0.1+£0.2%

160

3.1+0.24+0.3%

2.1+£0.2+0.2%

0.5+0.0+0.1%

5.14+0.24+0.4%

1.8+£0.1+£0.2%

180

3.3+0.24+0.3%

2.5+0.2+0.2%

0.5+0.1+0.1%

5.940.24+0.4%

1.74£0.1+£0.2%

200

3.7+0.24+0.4%

2.3+0.2+0.2%

0.440.0+0.1%

5.7+0.24+0.4%

1.8+0.1+£0.2%

220

3.84+0.24+0.4%

2.5+0.3+0.2%

0.4£0.0+0.0%

5.840.24+0.4%

2.240.1+0.3%

240

3.1+£0.24+0.3%

2.3+0.24+0.2%

0.5+£0.0+0.1%

6.0+0.3+0.5%

2.14£0.1+0.3%

Table 4.7: Kinematic efficiency as a function of the leptoquark mass.

The selection acceptance for each leptoquark mass is multiplied by the event-type effi-

clencies.

The results for each di-muon combination are listed in Table 4.7 and are shown

in Figure 4.6. Keep in mind that to calculate the total acceptance, the final result is not

the simple sum of these five types, instead we must combine five acceptances together with
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Figure 4.6: The total signal acceptance efficiencies for the pqug channel. The plot shows
the contributions to the total acceptance (black) and the acceptance without TRK muons
(grey) from the different muon detectors. The statistical errors are plotted.
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weighting factors:

Ajotal = App X epp + Apx X epx + Axx X exx + ... (4.4)

The result of total acceptance for each leptoquark mass is listed in Table 4.12.
After our selection cuts, three events remain in the muon dataset. In Table 4.8 we report

the number of events surviving each kinematical cut.

Kinematic Cut Nobs
2 muons with pr(ul) > 25 and pr(p2) > 10GeV/c 8029
2 jets with Er(j1) > 25 and Br(j2) > 15 GeV 147
Topology cut and E7(j1) + Er(52) > 50 GeV 26
My (pl, Er) < 25 and M7(ul, u2,B7) < 80 GeV/c? 4
Ht cut 3
Removal of events with 76 < M,,,, < 110 and M,,, > 15 GeV/c* | 3

Table 4.8: List of events passing the selection cuts in 361 pb~! of data (From real dataset
bhmu0d).

4.3 Background calculation in the eqeq and pgug channel

The main sources of background are due to v*/Z — ete™ + 2jets (for eqeq), v*/Z —
ptu~ + 2jets (for uguq), tt productions, W + > 3 jets, cosmic ray events accompanied by
jets due to radiation and events due to QCD /fakes. Other backgrounds from bb, Z — 77,
WTW ™~ are expected to be negligible due to the isolation cut and large lepton and jet
transverse energy/pr requirements. We list the results of the background calculation in
Table 4.9.

4.3.1 DY + 2 jets

In the Drell-Yan process, which is the largest background contributor in the egeq and
pqug channel, a Z or photon is produced via quark-antiquark annihilation and decays lep-
tonically into two electrons/muons. The additional jets in such events can come from other
processes or from initial/final state radiation. Though the number of these events is abun-
dant, they are easily accounted for since either the di-electron mass M, or dimuon mass M,
will peak approximately at the Z mass, M. This background is eliminated by cuts on M,
and My, > Er jets cut helps too. Higher-order corrections allow the di-electron/dimuon

mass to vary however, and it is necessary to calculate the Drell-Yan + 2jets cross section
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Process Nyen | CDF dataset name | o - BR (pb) Negp | Comments
Z[yx — ee + jj | 100k atop76 50.2 + 0.09 1.724+0.04 | 10 < Mg, < 75
100k atop4z 23.3 £0.03 0.84 +£0.01 | 75 < M, < 105
100k atop71 0.631 +0.001 | 0.06 £ 0.002 | 105 < M, < 800
Z[yx — pp+ 77 | 100k atop86 65.5 £ 1.7 0.79£0.05 | 10 < M, <75
100k atop67 314+1.0 0.16 £0.01 | 75 < M, < 105
100k atop72 1.04 +0.03 0.70 £0.05 | 105 < M, < 800
Top Production | 100k ttop0z 5.79 +£0.04 0.14 £ 0.03 | in eqeq
Top Production | 100k ttop0z 5.79 £ 0.04 1.04 £ 0.1 | in pqugq
W —ev+3p 1M ptop3w 5.59 +0.01 0.04 + 0.01 | in eqeq
W — uv+ 3p 1M ptop8w 5.59 £ 0.01 0.05 £0.01 | in puquq
Z[yx — 11+ jj | 100k atopxb 23.34 +0.03 negligible | both in eqeq and uqug
QCD/Fakes - - - 0.33 £ 0.33 | from electron data
QCD/Fakes - - - 0.29 £0.29 | from muon data
Total - - - 3.14 £+ 0.25 | in eqeq
- - - 3.03 £ 0.20 | in pquq

Table 4.9: Significant background processes and signal contamination in eqeq and pqugq
channel.

beyond leading order. For the same reason, although a di-electron/dimuon mass cut is effec-
tive in removing the majority of Drell-Yan processes, there will still be a significant number
of events having a di-electron/dimuon mass shifted enough from Mz to evade rejection.
Moreover, as discussed in section 4.1.1, H; is another effective cut to supress Drell-Yan,
especially in higher Er region when My cut power is weaken.

We studied the distribution of this background by generating the process Z + 2 jets
with ALPGEN [93] and using the Monte Carlo parton generator MCFM [78] to obtain the
NLO cross section. (Note: v*/Z — ete” and v*/Z — utu~ were separately generated and
analyzed according to egeq and ugug channel). In 361 pb~! of data, we expect 2.62 + 0.05
in egeq channel, and 1.65 &+ 0.02 events in uquq channel to be from DY + 2jets.

4.3.2 Top quark production: tt

Another source of background is represented by ¢t production where both the W’s decay
into ev or pv. If we look at the decay signature, top and third generation leptoquark in
mode 8 = 1 are same — Both of them have 2 leptons, 2 jets and a large amount of missing
Et. And, both of their decay are involved with b flavor quarks, which means b-tagging on
jets won’t be effective to filter them out. As discussed in section 4.1.1, the way to kill top
backgrounds from signal is by checking transverse variables. Although the final states are

same, the parent particle of two leptons in signature, W and 7, they have a different mass
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spectrum. W boson, whose mass is around 80 GeV, is much heavier than 7. Based on this
diffenrence, we made a series of checks on following transverse kinematic variables:
- Pr(leptonl, Pr), defined as \/(Elepton1+ Br),” + (Biepton1+ E'T)y2

- Pr(lepton2, )

- Pr(leptonl,lepton?2)

- Pr(leptonl,lepton2, Br)

- |A®(leptonl, Er)|, the angle between the first lepton and the missing Et

- |A®(lepton2, )|

- |A®(leptonl, lepton2)|

- |A®[Pr(leptonl, Br), Pr(lepton2, Er)]|

- Mr(leptonl,Er), defined as the transverse mass of the first lepton and missing Et
- My(lepton2, ET)

- Mr(leptonl,lepton2, Br)

The performance on these variable checks are varied with different channels. For exam-
ples, in eqeq channel My (el, fr) and My (e2, frr) are good filters, while in pugug channel
My (pl, Br) and Mp(ul, p2, Fr) show the power on suppressing top backgrounds. There-
fore, we need to set, tune and apply appropriate transverse cuts for each individual channel.
We will mention this in the later section 5.3 with euqq channel again.

We took 100K inclusive t¢ Monte Carlo events from Top group (Mye, = 175 GeV) as the
study model. The expected number of background events from ¢t is 0.14 + 0.03 for eqeq,
1.04 £ 0.1 for pgug. To normalize simulated events to data we used the theoretical cross
section for tt, o(tt) = 5.79 pb.

4.3.3 W + jets

W-+> 3jets can be another background contributor, in case that the third jet is mis-
measured and treated as the second lepton. From real data, as shown in Figure 4.7, it’s
clear to see that the region 20 <f7/GeV < 40 and fractional lepton isolation below 0.1 is
heavily contaminated by W + jets events. However after applying two lepton ID cuts and
set the high threshold on ) Ep, we are able to kill most of W+jets backgrounds.

W+2> 3jets were studied with Monte Carlo sample from lepton+jets background, strip-
ping from Top group. The expected number of background events from W+> 3jets is
0.04 £ 0.01 for egeq, 0.05 = 0.01 for pugug. To normalize simulated events to data we used
the theoretical cross section o(W — ev + 3p) = 5.59 pb, (W — uv + 3p) = 5.59 pb.
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4.3.4 QCD/Fakes

The QCD multijet background contaminates all channels of leptoquark. In this section
we estimate its contribution on uqugchannel and egeq channel, the similar strategy will be
applied to equg channel in the next chapter.

Let’s start with ugug channel first. Since we have muon stub-track match requirement in
muon selection procedure, the probability of energetic jets or pion decay being misidentified
as “muons” and passing the trigger condition will be small, or negligible. However it’s still
a possible source of signal contamination, especially at low K region.

The method we used to estimate the QCD multijet background is to examine the phase-
space of the 1 versus the muon fractional isolation (Defined as Ei$°/Pr in the cone with
R = 0.4, from now on we denote it as Ip4). This examination is for data events in which
the muon isolation requirement is not enforced. Figure 4.7 shows the candidate events in

the real dataset bhmu0d prior to any kinematic cuts.

| Isolation Background, No Cuts |

0-8 _llll 4‘I II| LI | T T T | T T T | T 1 T | LI : LI : LI : LI
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Figure 4.7: The fractional muon isolation versus Z7 in 361 pb~! of data before any kinematic
cuts. The QCD background dominates the region Fr < 10 GeV; the W + jets and ¢+ jets
dominates the region 10 <¥r/GeV < 60.
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Leptoquarks leave isolated high-pr leptons and large missing transverse energy as decay
products, therefore the region of fip > 60 GeV and Iy4 < 0.1 is the signal region on this
plot. We also see that the QCD multijet events dominate the region Fr < 10 GeV, while
the W+ > 2 jets and £+ > 2 jets events dominate the region 10 <E7/GeV < 60.

We define four control regions as follows:
e RegionI - FEr > 60 GeV, Ip4 < 0.1
e Region IT — Fr > 60 GeV, Iy4 > 0.2
e Region ITI - Fp < 10 GeV, Ip4 > 0.2
e Region IV — Fr <10 GeV, Iy4 < 0.1

If the lepton fractional isolation is not correlated with Fp distribution, we can assume
that the normalization factor between Region IT and IIT will be same as the factor between
Region I and IV. Therefore to estimate the number of QCD events in the signal region I
FEr > 60 GeV, Ip4 < 0.1, we could calculate the number of QCD events in the region
Fr < 10 GeV which defines the QCD contamination up to a normalization factor, followed
by this relation:

N (region II)

N (region I) = N(region IV) x N (region TT1)’

(4.5)
Figure 4.8 shows the events surviving the kinematic cuts before the transverse mass cut.
The number of events in each region and the calculated QCD contamination is reported

after each kinematic cut in Table 4.10. This sample is then further reduced by subtracting

Kinematic Cut I 11 11 IV
pr(ul) > 25 and pr(p2) > 10 GeV 56922 755 52661 23193
BEr(j1) > 25 and Ep(j2) > 15 GeV 281 49 474 135

Topology Cuts 118 21 350 76
Y Ep(jets) > 50 GeV 107 19 313 72
Ht cut 7 9 1 1
Mp(pl, BEr) < 25 GeV/c? 4 5 0 0
Z Mass Cut 2 0 0 0

Table 4.10: Events surviving the kinematic cuts in four control regions. The number of
events surviving the mass cut in region I is for Mg = 120 GeV/c?.

the contributions of the W+ > 2 jets and £+ jets backgrounds.
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Figure 4.8: The fractional muon isolation versus F7 in 361 pb~! of data before the transverse
mass cut.

The cut on the transverse mass reduces the number of events such that Equation 4.5 is
not well behaved. To determine the final number of QCD background events, we calculate
the ratio of events in the small Fr region III and IV after the cut on L Ep(jets). Assuming
the ratio is independent of the transverse mass, this normalization factor can then be applied
to the number of events in the high-F7 region with large isolation to determine the number
of QCD events in the signal region. However, the number of events in Region II surviving
the mass cuts for all leptoquark mass contours is zero. We therefore estimate the number
of QCD events in the signal region by applying the normalization factor to the error on the
mean of the one-sigma Poisson distribution after the cut on transverse mass. We estimate
0.29 £ 0.29 QCD events in our data sample after all selection cuts in pqug channel.

As for egeq channel, the procedure is same except that it’s applied to electron data
instead of muon dataset. Figure 4.9 shows the candidate events in the real dataset bhel0d
prior to any kinematic cuts.

From the plot we see a similar distribution like ugmug, however it seems that QCD
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Figure 4.9: The fractional electron isolation versus Zr in 361 pb~! of data before any
kinematic cuts. The QCD background dominates the region fir < 20 GeV; the W + jets
and £+ jets dominates the region 20 <F7/GeV < 60.

multijet background expands its boundary to Er - 20 GeV. Thus we define four control
regions for egeq channel as shown in Table 4.11:
Then we apply the same counting strategy and use fomula 4.5 again, eventually we

estimate 0.33 £0.33 QCD events in our data sample after all selection cuts in egeq channel.

4.4 Systematic Uncertainty

The following systematic uncertainties are considered:
e Luminosity [65]: 5%
e Acceptance

— PDF: 2.1%
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Region Condition

I ET > 60 GeV, 10.4/])]* < 0.1
II ET > 60 GeV, Io,4/pT > 0.2
111 ET < 20 GeV, I().4/pT > 0.2
v Fr <20 GeV, 10_4/pT < 0.1

Table 4.11: QCD background calculation regions in eqeq channel.

Mass | A(Mrg)% Statistical% Systematic% Combined Rel.%
80 3.13 + 0.4 + 1.0 8.5
100 5.47 + 0.4 + 1.2 8.2
120 6.86 + 0.6 + 14 8.2
140 7.29 + 0.5 + 1.6 7.9
160 8.19 + 0.6 + 1.7 8.0
180 9.41 + 0.7 + 1.9 7.9
200 10.08 + 0.6 + 1.9 7.8
240 11.36 + 0.7 + 2.0 8.0
260 12.23 + 0.8 + 2.0 8.0

Table 4.12: The total acceptance percentages for each leptoquark mass in pqug, listed with
the statistical, systematic and combined relative errors.

— Statistical Error of Monte Carlo: 2.2%
— Jet Energy Scale: < 1%

e Electron ID efficiency [90]

— electron reconstruction: 0.5%
e Muon ID efficiency [21, 22]

— muon reconstruction: 0.3%
e Event vertex cut [105]: 0.5%

Adding the above systematic uncertainty in quadrature will give a total systematic uncer-
tainty of about 8%. The statistical, systematic, and combined relative errors are listed in
Table 4.12.

4.5 Cross Section Upper Limit Calculation

In the analysis performed in the eqeq and uqug channel, the numbers of events surviving

after all selection conditions are consistent with the expected numbers from backgrounds.
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This means we don’t observe a new scalar leptoquark signal based on current CDF II ex-
periment.

Based on the fact of non-observation, we set a upper limit on the number of observed
events, and so on the cross section of third generation scalar leptoquark production. By
comparing the upper limit of the leptoquark cross section with the theoretical cross section
for such leptoquarks, we exclude the mass region for which the theoretical cross section
exceeds the observed upper limit.

The production cross section ¢ of the process LQLQ — 7q7q — eqeq and LQLQ —
TqTq — pquq can be written as follows:

N

o X Br(1qTq — eqeq) = o x B} = P~ (4.6)
N

o X Br(rqrq — uquq) = o x 53 = X L (4.7)

where (1, B2 are the branch ratios of tau decaying into electron and muon, respectively. N is
the number of observed data events after our selection, €z is the leptoquark mass-dependent
total selection efficiency and .Z is the time-integrated measured luminosity. (Note, T7g7q
mode already took the 8 = 1 factor into consideration from leptoquark decay state.)

The upper limit on the observed leptoquark cross section is determined by estimating

the number of possible leptoquark events observed for a specific probability or confidence
level (CL):

oltm — ﬂ (4.8)
€tot X L

By taking Bayesian approach to calculate the 95% confidence level limits (Details about
Bayes Statistical Method can be found in Appendix F), in Table 4.13 we report the expected
number of events of signal in 361 pb~! given the above efficiencies and the NLO theoretical
cross section for different values of the renormalization/factorization scale is reported in
Table 4.13. The second column shows the upper limit on the expected number of background
subtracted signal events at 95% CL.

In the eqgeq channel we find 4 candidate events and 3 events in ugug channel after
selection. We set an upper limit on the scalar leptoquark cross section as a function of
M7y,g. We calculate the upper limit on the observed leptoquark events, N lm at a 95% CL.
The limit calculation was carried out using the bayes.f fortran code provided by the CDF
statistics committee [14] which follows the previously discussed Bayesian prescription for
calculating upper limits.

In Table 4.14 we report the 8 = 1 values of the cross-section limits in eqeq and uqug for



CHAPTER 4. SEARCH FOR SCALAR LEPTOQUARKS IN THE EQEQ AND pQuQCHANNEL 94

Mass

(GeV/C2) NQS% Q2 = JM%Q/4 Q2 = 4M[2,Q
80 4.86 30.62 24.39
100 4.85 17.84 14.31
120 4.85 10.82 8.76
140 4.85 6.41 5.18
160 4.85 3.80 3.07
180 4.85 2.31 1.85
200 4.85 1.25 1.00
220 4.85 0.74 0.59
240 4.85 0.42 0.33

Table 4.13: The measured upper limit on the expected number of background subtracted
signal events in 361 pb~! for LQLQ — eqeq. The right two columns show the theoreti-
cal expected number of scalar leptoquark events for different factorization/renormalization
scales.

each Mg and the theoretical calculations at NLO for pair production of scalar leptoquarks
at the Tevatron using the CTEQ6.1 PDF with different choices of scale. In Figure 4.10 the

Mass 95% CL o (pb) | o Theory CTEQ6.1 (pb)
(GeV/c?) Q= Miy/2 | Q° =2M;,
80 0.524E4-02 0.601E+4-02 0.441E+02
100 0.158E+02 0.179E+02 0.134E+02
120 0.573E+01 0.640E+01 0.494E+01
140 0.238E+01 0.263E+01 0.207E+01
160 0.108E+01 0.119E+01 0.947E+-00
180 0.525E4-00 0.557E4-00 0.460E4-00
200 0.268E-+00 0.293E+00 0.235E+00
220 0.141E4-00 0.154E+00 0.124E+00
240 0.762E-01 0.832E-01 0.664E-01
260 0.419E-01 0.457E-01 0.364E-01

Table 4.14: Values of the upper limits at 95% CL of the production cross-section of third
generation leptoquarks decaying into pugug as a function of Mrg. The last 2 columns on
the right report the result of the theoretical calculations at Next-To-Leading order with
CTEQG6.1 for different choices of the scale multiplied by a factor of 8 = 1.

limit cross-section as a function of Myq is compared with the theoretical expectations for
egeq, and in Figure 4.11 the limit cross-section as a function of My is compared with the
theoretical expectations for pqugq.

At the intersection point between experimental and theoretical curves we find the lower
limit on Mg at 100 GeV /c*for egeq channel, 108 GeV /c*for puqugq channel.
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Figure 4.10: Limit cross-section as a function of My compared with the theoretical expec-
tations calculated at NLO accuracy. At the intersection points between experimental and
theoretical curves we find a lower limit on Mg at 100 GeV/ c2.
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Figure 4.11: Limit cross-section as a function of Mrg compared with the theoretical expec-
tations calculated at NLO accuracy. At the intersection points between experimental and
theoretical curves we find a lower limit on Mg at 108 GeV/ c2.



Chapter 5

Search for Scalar Leptoquarks in the

equq Channel

In this chapter a search for pair-produced scalar leptoquarks decaying into equq is pre-
sented. A preselection efficiency and a kinematic acceptance efficiency are separately cal-
culated and then combined to determine a total leptoquark signal acceptance efficiency. An
estimate of the expected number of background events in this channel is then calculated.
Next, an outline of the systematic uncertainties in the signal acceptance and data sample
1s presented. The chapter concludes with a calculation of the upper limit on the leptoquark
cross section. Finally, the theoretical scalar leptoquark cross section is compared with this

upper limit and a new scalar leptoguark mass exclusion limit in the equq is presented.

5.1 Event-type efficiency calculation

The experimental signature of a third generation scalar leptoquark for the Tq7q — equq
case consists of one isolated high-pr electron, plus one isolated medium-py muon, and two
energetic jets. The full data sample is reduced by preselecting events according to the cri-
teria described in Appendix E. Each event is required to have one tight central electron,
followed by one muon of type CMUP or CMX.

The efficicency of tight electron ID is discussed in section 3.5.1. Regarding to muon type

efficiency, we have:

— CMUP . CMUP CMUP CMUP
eECMUP = etrig X €fid X €reco X €rp X €is0 (51)
_ CMX . CMX CMX CMX
ECMX = €yijg X E€fid X €reco X €D X €50 (5'2)

97
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Using the values from Table 3.5, in this eugqg channel we determine the lepton event-type
efficiencies as:

Event-type Efficiencies, equg channel
€tight ele 0.825 £ 0.05

ecmyp = 0.695 £ 0.009
ecmx = 0.837 £ 0.008

5.2 Acceptance and kinematical efficiency calculation

After event preselection, the events are further reduced in order to discriminate the
leptoquark signal from the backgrounds discussed in Section 4.3. Because the leptoquark
mass is relatively higher than the masses associated with the backgrounds, the leptoquark
signal is characterized by one tight central electron, one central medium muon, 2 energetic

jets. The discriminating cuts are optimized to give the highest limit results. As a result the
following cuts are placed:

e One electron with Er > 25 GeV and one muon with pr(u) > 10 GeV/c.
This cut selects two identified leptons. It ensures that the electron and the following
muon is a properly triggered physics object. The energy threshold set here can reduce
QCD background greatly. The leading electron E7 distribution and leading muon pr
distribution for a leptoquark mass of 120 GeV/c? are shown in Figure 5.1.

i ele1_Etot i muoni_Pt

E; of leading ele ol Elel ] |p; of leading muon| Entries 8981
> Mean 37.12 Mean 19.92
3 RMS  26.25 RMS  19.71
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Figure 5.1: Er and Pr distributions for leading electrons (left) and muon (right) for Mg =
120 GeV/c2.

e Two jets with Ep(j1) > 25, Ep(j2) > 15 GeV and Er(j1) + Ep(52) > 50 GeV.
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Figure 5.2: E7 distributions for the first leading jet (left) and the second leading jet (right),
for Mg = 120 GeV/c?.

e Topology cut: A¢(leptons + jets, Br) > 120°, A¢(leadingjets, Br) > 5°
This topology cut rejects events in which the jets are not isolated from the neutrino.
Also the angle cut is mainly to filter the Drell-Yan background out. Due to the lack of
neutrinos, Drell-Yan won’t have a balanced MeT with leptons plus jets. The balanced
situation is more or less like a back-to-back case (180°), here after cut optimization,
we set the lower limit of angle between muons plus jets and missing transverse energy

as 120 degrees.

e Transverse kinematic variables cut

The purpose for this cut is to suppress the top production backgrounds. Top decays
into W and b quark, while W continues going to lepton. e.g. W — ev or W — ev. On
the other hand, the third generation leptoquark decays to 7 and b, while 7 continues
going to electron/muon. Hence the different mass spectrum of W and 7 becomes
the key to filter top backgrounds out of signal, and that is the motivation we put
transverse kinematic variable check here. More details about this check are already
discussed in section 4.3.2. After cut optimization, we set My (u, Fr) < 20GeV and
My (e, p, Zr) < 80GeV as the cut condition. See distribution plot in Figure 5.3.

Furthermore, unlike in egeq and puqug where Drell-Yan + 2 jets dominates the back-
ground. tt production is the main background contributor in equg channel. Since
Drell-Yan is forbidden to decay into lepton pair with differenct flavors, in other words
there is no signature like one electron plus one muon in Drell-Yan decay while lepto-
quark doesn’t have a such limitation. Therefore the transverse variable cut plays a

more important role in this channel.
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Figure 5.3: Transverse mass distributions for Mg = 120 GeV/c?. (left two) and the
inclusive top (right two).

e H; cut - Definition and method is similar like the one we used in egeq and uquq:
Et_sum = Er¢+pru+ Erj1 + B j2
Ht_mag — \/(Ee + By + Ejy + Ejg),” + (B + E, + Ejy + Ej) 2

Except that we set Et _sum < 4.0 * Ht_mag + 50.0 for the best ratio of S/B in this

channel.

e Removal of events with 75 < M., /GeV /c?< 105 and M., < 15 GeV/c?
We don’t expect the combination of electron and muon can form a Z mass peak.
However we still put this cut in the end to avoid mis-identification from leptons (e.g.

A fake electron from muon event).
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Figure 5.4: Et sum v.s. Ht mag, comparison among Inclusive Top (right top), Drell-Yan
to di-electron + 2jets(left bottom), and Leptoquark mass @ 120 GeV in equgq (right bottom).
The size of the bins is 1 GeV by 1 GeV
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5.2.1 Total Acceptances

The analysis cut efficiencies are calculated relative to the number of events of type
CMUP or CMX and are reported in Figure 5.5 and Table 5.1. The analysis cut efficiencies
are then folded with the Z-vertex cut (fiducial) [105], trigger [110], muon reconstruction,
and fractional isolation cut efficiencies. The expected number of signal events in 361 pb~!
given the above efficiencies and the NLO theoretical cross section for different values of the

renormalization /factorization scale is reported in Table 5.2.

?éa:\i/cz) CMUP =+ stat + sys(%) | CMX =+ stat + sys (%) | Total + stat + sys (%)
80 2.86 = 0.02 £ 0.16 0.82 &£ 0.01 £ 0.09 3.68 £ 0.03 £ 0.25
100 3.82 £ 0.03 £ 0.19 1.36 £ 0.02 £ 0.11 5.18 £ 0.05 = 0.30
120 3.98 £ 0.03 £ 0.25 1.44 £ 0.02 £ 0.12 5.42 £+ 0.05 £ 0.37
140 4.59 £ 0.05 £ 0.31 1.59 £0.02 £ 0.13 6.18 £ 0.07 + 0.44
160 5.36 £ 0.07 £ 0.41 1.97 £ 0.03 £ 0.16 7.33 £ 0.10 £ 0.57
180 6.79 £ 0.09 + 0.50 2.66 £ 0.04 + 0.20 9.45 £ 0.13 £ 0.70
200 7.73 £ 0.10 £+ 0.54 3.15 + 0.04 £ 0.22 10.9 £ 0.14 £ 0.76
220 9.14 £ 0.12 + 0.62 3.39 £ 0.05 £ 0.23 12.5 + 0.17 £ 0.85
240 8.76 = 0.11 £ 0.59 3.57 £0.06 £ 0.24 12.3 = 0.16 £ 0.83
260 10.2 £ 0.13 £ 0.68 4.14 + 0.06 + 0.28 14.3 + 0.19 £ 0.96

Table 5.1: Kinematic efficiency as a function of the leptoquark mass.

Mass Nyso, Expected Events x3
(Gev/c?) = M2 Q7 =2MF,
140 5.51 13.64 10.72
160 5.20 8.63 6.88
180 4.48 5.34 4.28
200 3.04 3.10 2.51
220 3.04 1.87 1.51
240 3.04 0.99 0.80
260 3.04 0.64 0.51

Table 5.2: The measured upper limit on the expected number of background subtracted
signal events in 361 pb~! for LQLQ — equq. The right two columns show the theoreti-
cally expected number of scalar leptoquark events for different factorization /renormalization
scales.



CHAPTER 5. SEARCH FOR SCALAR LEPTOQUARKS IN THE EQuQ CHANNEL 103

| Kinematic Acceptances |

g - 5 ? ? ? ? ? 5 ——
_I. 1 __""O _________ O B By fay - Z Veto...
8 - : : : : : : ——— Orthogonal...
§ 08 o B — — Muon ..
@ o f H E = ——— MET cut...
G 0.6 [t i T g
< I : : 5 A & : —— Jets Et cut...
o - : : ; : ! A
B 0.4 il B e G —~— dPhi(mu- v) cut...
aE> - zﬁs Z& .g. : === Sum jet Et cut...
(= - i . : : :
v 0.2 __@ """"" f@? """"" """""" o A o —&— Transverse Mass cut...
B | | | | | | | —&=— Mass cut.
0 " " " " " " " " " " " " " " " " " " " " " n

140 160 180 200 220 240 260 ,
Leptoquark Mass (GeV/c )

Figure 5.5: Cumulative efficiencies of the kinematic cuts for a range of leptoquark masses.
The statistical errors are plotted.

5.3 Background calculation in the equg channel

The main sources of background are due to ¢t production, W+ > 3jets with W — pv or
W — ev , Drell-Yan + 2jets, cosmic ray events accompanied by jets due to radiation and
events due to QCD /fakes. Other backgrounds from bb, Z — 77, WTW ™ are expected to be
negligible due to the isolation cut and large lepton and jet transverse energy requirements.
Table 5.3 summarizes the background estimation in the equg sample.

The following Monte Carlo samples are generated to determine the number of expected

background events in the data sample:

e tt production
As discussed in previous section 5.2, instead of Drell-Yan, in equq channel the major
source of background is represented by #¢ production where both the W’s decay into
ev and pv. If we look at the decay signature, top and third generation leptoquark in
mode B = 1 are same — Both of them have 2 leptons, 2 jets and a large amount of
missing Et. And, both of their decay are involved with b flavor quarks, which means
b-tagging on jets won’t be effective to filter them out. As discussed in section 4.1.1, the
way to kill top backgrounds from signal is by checking transverse variables. Although
the final states are same, the parent particle of two leptons in signature, W and T,
they have a different mass spectrum. W boson, whose mass is around 80 GeV, is much

heavier than 7. Based on this diffenrence, we made a series of checks on following
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My =120 GeV/c?

Process Nyen | CDF dataset name | o - BR (pb) Negp | Comments

Top Production | 100k ttop0z 5.79 £0.04 0.87+£0.1

Z[yx — ee + jj | 100k atop76 50.2 + 0.09 1.26 £0.1 | 10 < M, <75
100k atop4z 23.3 £0.03 0.76 £0.05 | 75 < Mg, < 105
100k atopT71 0.631 £0.001 | 0.05+0.002 | 105 < M, < 800

W —ev+3p 1M ptop3w 5.59 £ 0.01 0.24 +0.05

W — uv + 3p 1M ptop8w 5.59 + 0.01 0.05 +0.01

Z[yx — 7T+ 37 | 100k atopxb 23.34 £ 0.03 negligible

QCD/Fakes - - - 0.29 £0.29 | from data

[ Total B - \ - | 3.54 + 0.55 |

Table 5.3: The background processes considered for the signal contamination. The expected
background events column shows values obtained for a leptoquark mass Mg = 120 GeV/ c.

transverse kinematic variables:

- PT(eaET)a defined as \/(Eelectron+ EYT)I2 + (Eelectron+ ET)y2

- PT(:uaET)
- PT(ea,u’)
- PT(e,,U«,ET)

- |A®(e, Zr)|, the angle between the electron and the missing Et

- |A(I’(M1ET)|
- |A(I)(ea ,u)|

- |A(I’[PT(65ET), PT(M?ET)“
- Mr(e,Fr), defined as the transverse mass of the electron and missing Et

- MT(MaET)

- MT(ea ,ufaET)

For equq channel My (u, Er) and Mr(e,pu, FEr) are effective filters to suppress top

backgrounds, as shown in Figure 5.3. More details about other transverse variables’

comparison can be found in the chapter Appendix G.

Moreover, we found that the behavior of transverse mass My (u, #r) and My (e, u, Br)

doesn’t vary too much by changing the mass of leptoquark in Monte Carlo, so we keep

the fixed mass cut condition among all samples. Figure 5.6 shows the detail between
the sample with Mg = 120 GeV/c?and Mg = 220 GeV/c?.

We took 100K inclusive ¢¢ Monte Carlo events from Top group (Mo, = 175 GeV) as
the study model. The expected number of background events from tt is 0.87 + 0.1.
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Figure 5.6: Transverse mass distribution plot from Mg = 120 GeV/c?. (Left two) and

Mrpg = 220 GeV/c?(right two).

To normalize simulated events to data we used the theoretical cross section for #t,

o(tt) = 5.79 pb.

e Drell-Yan + 2jets

Because Drell-Yan process can not decay to two leptons with different flavor such as

one electron plus one muon, it is no longer the dominant background contributor in

equq channel. However the effect still can not be totally neglected (In fact in the

lower Z mass sample, it still has a significant contribution to backgrounds). So again

like what we did in egeq and uqugq, we studied the distribution of this background
by generating the process Z + 2 jets with ALPGEN [93] and using the Monte Carlo
parton generator MCFM [78] to obtain the NLO cross section. This time we need

to consider v*/Z — ete~

and v*/Z — pTp~ together since both processes could

make background contribution in equq channel. However the result turns out that the
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80 120 160 200 240
tt 169 +£0.21 1.84 +£0.23 1.35+0.17 1.00 +£0.37 0.80 £+ 0.29
Z+ jets 0.18 £ 0.01 0.22 +£0.02 0.19 +£0.01 0.18 +£ 0.01 0.14 + 0.01
QCD multijet 0.29 £ 0.29 0.29 +0.29 0.29 £0.29 0.29 + 0.29 0.29 £+ 0.29
Total 3.09+ 035 374+036 322+0.34 3.08+0.33 2.83 +0.32
Data 4 4 4 3 2

Table 5.4: The final events calculated for expected backgrounds and observed events in the
data for several scalar leptoquark masses.

contribution from v*/Z — ptp~ is trivial, since fake electrons from v*/Z — putpu~
barely passed the first tight ele ID selection.

In 361 pb~! of data, we expect 2.07 + 0.08 events from v*/Z — e*e™, 0.007 + 0.001
events from y*/Z — ptu~, altogether 2.08 & 0.08 events to be from DY + 2jets.

o W+ > 3jets
W-> 3jets can be another background contributor, in case that the third jet is mis-
measured and treated as the second lepton. From real data, as shown in Figure 4.7,
it’s clear to see that the region 20 < Ep/GeV < 40 and fractional lepton isolation
below 0.1 is heavily contaminated by W + jets events. However after applying two
lepton ID cuts and set the high threshold on } E7, we are able to kill most of W-jets

backgrounds.

W+> 3jets were studied with Monte Carlo sample from lepton+jets background,
stripping from Top group. The expected number of background events from W —
ev+3p is 0.24 +£0.02, from W — pr 4+ 3p is 0.05 £ 0.01. Altogether 0.29 + 0.03 events
to be from W + > jets.

To normalize simulated events to data we used the theoretical cross section o(W —
ev + 3p) = 5.59 pb, o(W — pv + 3p) = 5.59 pb.

e QCD/Fakes
The QCD multijet background is estimated by examining the phase-space of the K vs
the lepton fractional isolation for data events in which the lepton isolation requirement
is not enforced. The evaluation method is same as the one used in egeq and equgq
channel (See previous discussion in section 4.3.4), the result of QCD/Fake estimation

is reported in Table 5.3.

Table 5.4 shows the estimated background events and the number of events surviving

selection.
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5.4 Systematic uncertainty

The following systematic uncertainties are considered:
e Luminosity [65]: 6%
e Acceptance

— PDF: 2.1%
— ISR/FSR: 1.8%
— Statistical Error of Monte Carlo: 2.2%

— Jet Energy Scale: < 1%
e Lepton ID efficiency [90, 21, 22]

— electron reconstruction: 0.5%

— muon reconstruction: 0.3%
e Event vertex cut [105]: 0.5%

Adding the above systematic uncertainties in quadrature will give a total systematic
uncertainty of about 7-8%. The statistical, systematic, and combined relative errors are
listed in Table 5.5.

Mass | A(Mrg)% =+ Statistical’% + Systematic% Combined Rel. %
80 3.68 + 0.07 + 0.44 8.44
100 5.18 + 0.10 + 0.58 7.92
120 5.42 + 0.13 + 0.72 7.61
140 6.18 + 0.2 + 0.8 7.23
160 7.33 + 0.2 + 0.9 7.01
180 9.45 + 0.2 + 0.9 6.93
200 10.9 + 0.2 + 1.0 6.91
220 12.5 + 0.3 + 1.2 6.77
240 12.3 + 0.3 + 1.2 6.79
260 14.3 + 0.4 + 1.3 6.25

Table 5.5: The total acceptance percentages for each leptoquark mass listed with the sta-
tistical, systematic and combined relative errors.
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5.5 Cross section limit

The production cross section o of the process LQLQ — equq can be written as follows:
o x BR(LQLQ — equq) = o x 2 = N/(e x &),

where N is the number of observed data events after our selection, € is the total selection
efficiency as a function of Mg and .Z is the integrated luminosity. The number of candidate
events in our leptoquark mass-dependent selections are shown in Table 5.4. We observe no
excess of events and thus set a 95% C.L. upper limit on the cross section as a function of
Miy,q defined as:

Nlim
Etot X g

Ulim _

In Table 5.6 we report the 8 = 1 values of the cross section limits in equgq for each
Mg and the theoretical calculations at NLO for pair production of scalar leptoquarks at
the Tevatron using the CTEQ6.1 PDF with different choices of scale. In Figure 5.7 the

Mass 95% CL o (pb) | o Theory CTEQ6.1 (pb)
(GeV/c?) Q= M%,Q/Z Q= QM%,Q
80 0.524E4-02 0.601E+4-02 0.441E+02
100 0.158E+02 0.179E+02 0.134E+02
120 0.573E+01 0.640E+01 0.494E+-01
140 0.238E+-01 0.263E4-01 0.207E401
160 0.108E+01 0.119E+01 0.947E+00
180 0.525E+00 0.557E+-00 0.460E+-00
200 0.268E+00 0.293E+00 0.235E+00
220 0.141E4-00 0.154E+00 0.124E+00
240 0.762E-01 0.832E-01 0.664E-01
260 0.419E-01 0.457E-01 0.364E-01

Table 5.6: Values of the upper limits at 95% CL of the production cross section of third
generation leptoquarks decaying into equg channel as a function of Mrg. The last 2 columns
on the right report the result of the theoretical calculations at Next-To-Leading order with
CTEQ6.1 for different choices of the scale.

limit cross section as a function of My is compared with the theoretical expectations for
LQLQ — equq. At the intersection point between experimental and theoretical curves we
find the lower limit on Mg at 115 GeV/c?.
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Figure 5.7: Limit cross section as a function of M7, compared with the theoretical expec-
tations calculated at NLO accuracy. At the intersection points between experimental and
theoretical curves we find a lower limit on Mg at 115 GeV/c? in egug channel.



Appendix A

Lagrangian approach for the theory
of Gauge Fields

We will take Lagrangian approach to describe gauge field theory. The advantage in
this approach is, it is a familiar construct in classical mechanics, and many of its practical
application can be understood already at the classical level. Lagrangian field theory is also
particularly suited to the systematic discussion of invariance principles and the conservation
laws to which they are related. In addition, a variational principle provides a direct link
between the Lagragian and the equations of motion. This is what exactly employed by the
Standard Model to account for the phenomenology of the particles and their interactions
described in the last section.

The motivation for using the theory of gauge fields to describe particle interactions lies
in its ability to connect conserved quantities with symmetries. Noether’s Theorem (See
[74]) proved that, for each type of continuous transformation that leaves a given physical
system’s equations of motion unchanged, or in other words, if the system is invariant under

such transformation, then there must exist a conserved quantity. For example:

e The invariance of physical systems with respect to spatial translation (in other words,
that the laws of physics do not vary with locations in space) gives the law of conser-

vation of linear momentum;
e Invariance with respect to rotation gives law of conservation of angular momentum;

e Invariance with respect to time translation gives the well known law of conservation

of energy.

In quantum field theory, the analog to Noether’s theorem, the Ward-Takahashi identities,
yields further conservation laws, such as the conservation of electric charge from the invari-

ance with respect to the gauge invariance of the electric potential and vector potential.

110
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Generally speaking, the Lagrangian approach is characterized by a simplicity in that
field theory may be regards as the limit of a system with n degrees of freedom as n tends
toward infinity. In gauge field theory particles are described as quantized fields appearing
in the Lagrangian density, .Z. Any continuous field transformation which leaves unchanged
the action of the Lagrangian, S = [ d*z.# (3, 8¢), corresponds to a conserved quantity.

Construction of a field theory begins from the Lagragian density .Z(v(z), 0,4 (x)), a
function of the field () and its four-gradient d,v(x) = 0y (x)/0z*. The field itself, ¥ (x)
can be treated as a seperate generalized coordinate at each value of its argument, the space-
time coordinate .

Similar to classic mechanics, we define a least action as

t2
= 3
S = /t1 dt/d oL (), 0,1h) (A.1)

The action is required to be stationary,

12
68 =06 [ dz2(,0,4)=0 (A.2)
t
subject as always to the constraint that the variations in the fields vanish at the endpoints
tl and t2.
By applying Euler-Lagrange equation in the form

oL d OL
9 E(a_q) (A.3)

Switching coordinate g(t) by the generalized coordinate 1(z), the requirement of least

action is now ensured for the Lagrangian density as follows:

0.% 0L
(@) ~ " 0,0@) (A-4)

The equation (A.4) will lead in turn to explicit equations of motion for the fields. Just

like the case in classic mechanics that you can eventually recover Newton’s equation of
1,22
2
the equations of motion are unchanged if a total divergence is added to the Lagrangian

motion F = —dV/dz = mi from one-dimension Lagrangian L = smi* — V (z). Moreover,
density. And for problems involving with several fields 1);, the variational principle applied
separately to each field leads to a set of equations (A.4), just as for mechanical problems
with several generalized coordinates. This is another big convenience by taking Lagragian

approach in the description of gauge field theory for Standard Model.
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For our purpose of constructing gauge theories from physical symmetries, it will often
be the Lagrangian that comes first and the equations of motion that appear as consequence.
However when we proceed in this manner, the construction of the Lagrangian is tricky.
Because other than a impractical toy, your Lagrangian better can reproduce certain charac-
teristics of simpler equations of motion. Therefore it is natural to take a look at those most
commonly occuring Lagrangians at beginning.

Let’s start from Dirac Lagrangian for a free particle having mass m:

gDirac = 7'1; 7“ a/ﬂp -m 7; "p (A5)

Equation (A.5) is manifestly globally invariant under phase transformations. In group
theory phase transitions are described by the U(1) gauge group transformations which are
the set of all one-dimensional unitary matrices: U(8) = ¢%?. For the transformation v —
e'%). the Lagrangian (A.5) remains unchanged, and the charge, ¢, is a conserved quantity.
However, this is not the case when requiring (A.5) to be invariant under a local U(1) gauge
transformation which, unlike a global gauge transformation, is space-time dependent: ¢ —
¢10(2).,

Equation (A.5) can be made locally gauge invariant by introducing an extra term in
the Lagrangian which will cancel the factor resulting from the derivative of the space-time

dependent §(z). This extra term is folded into the derivative to make a “covariant derivative”:
Dy, = 0y +iqA,. (A.6)

where A, is a vector gauge field and as a rule transforms under gauge transformations as
A, — A, — 0,0. The gauge field A, can be fixed in this way since the derivatives of fields
will not affect the Euler-Lagrangian equations. The result of using this covariant derivative
in (A.5) is

L' = W — gy Y Ay —mpy. (A7)

Equation (A.5) is promoted to a locally invariant Lagrangian by replacing the derivative
with a covariant one. However, since the covariant derivative introduces a new vector gauge
field, A,, the full Lagrangian must have a corresponding free Lagrangian term for this field.
Since A, is a vector field, it can be described by the Lagrangian for a vector field (see [71]),

l.e.

1 1

Lrree = — 4FWF“” + §m?4A“Au. (A.8)
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By checking the second term in (A.8), it would stand for a photon mass term

1
Ly = EmzlA“Au (A.9)

which is not locally gauge invariant because
AFA, — (A* —0M0)(A, — 0,0) # AFA, (A.10)

Therefore it is necessary to require that the mass of the vector gauge field be zero, i.e.
my = 0. Thus we find that local gauge invariance has led us to the existence of a massless
photon. The change to a covariant derivative and the addition of a free term for the resulting

vector field results in a new Lagrangian:
o 1 . _
ZoEp = Pl O —m)y — L Fu FY — gty 4y (A.11)

Equation (A.11) is well known as the Lagrangian for an electromagnetic field, where 4, is
the electromagnetic potential, and ¢ is the electric charge which couples the electromagnetic
field (photons) to the spinor fields (electrons and positrons) by a factor of q.

By requiring that the Dirac Lagrangian for a free spinor field be locally invariant under
phase transformations, the Lagrangian for spinor fields interacting with the electromagnetic
potential is obtained. The last two terms in (A.11) appear in the Maxwell Lagrangian,
where the charge density is given by J* = q(v) y*). Though it is sufficient to only require
global phase invariance to explain conservation of charge, it takes local phase invariance of
(A.5) to reproduce the Maxwell Lagrangian (last 2 terms of (A.11)) for charged currents.



Appendix B

Other models that predict similar

signature as Leptoquark

e Dynamic Symmetry Breaking and Composite Models
In dynamic symmetry breaking models (known as Technicolor Models), the Higgs
mechanism of the electroweak symmetry breaking is replaced by a dynamical symmetry
breaking [117] from a confining strong force at an energy scale A ~ G;l/ 2 [63]. The
need for a Higgs Model scalar vacuum expectation value is obviated by a strong-

coupling, confining, non-abelian gauge theory:
GTC’ X SU(3)C X SU(2)L X U(l)

The symmetry breaking of the technicolour group results in Goldstone bosons which
may have leptoquark properties. The estimate for their mass is ~ O(200GeV /c?) for
Arc ~ 1TeV /c?[107].

The concept of endowing masses to the fermions and gauge bosons via a dynami-
cal symmetry breaking has led to the formulation of a number of composite theories
[25, 63, 108, 37] which theorize a low-energy, strong-confining SU(2), gauge. In com-
posite models fermions and gauge bosons are composite states of a set of fundamental
fields which interact through a confining strong force. The behavior of weak inter-
actions at currently accessible energy levels are thus analogous to the interactions of
strongly bound meson states. The exact gauge group structure is model dependent.
In the simplest model by Abbott and Farhi (AF) the gauge Lagrangian is formally
identical to the standard electroweak model [25]. All left-handed fermions are SU(2)y,
singlets of this strong electroweak gauge force, while right-handed particles are still

point-like. Left-handed fermions are bound states of the left-handed fundamental fields
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called “preons”. Leptoquarks appear in the AF model as bound states of preons [81].
Other strong confining gauge groups are also possible. For example there is a double
confining SU(2)r, x SU(2)g technicolour gauge theory [37, 38] which has only funda-
mental fermions and different confinement scales. In strong confining gauge theories
leptoquarks appear as Goldstone bosons and can be naturally light, having a mass
from a few 100 GeV/c? to a few TeV /c2[107].

e Supersymmetry Models
A very well motivated candidate for new physics beyond the Standard Model is Super-
symmetry (SUSY), which is needed to connect the Standard Model with an ultimate
perturbative unification of the fundamental interactions. Supersymmetry refers to a
fermion-boson symmetry for which each fermion(boson) shares the same coupling with
a boson(fermion) partner. This symmetry, denoted as R-symmetry in the SUSY mod-
els. In the context of high energy colliders, the consequences of R-parity conservation
are significant. The R-parity of a particle is given by the spin j, baryon number B

and lepton number L:
R = (_1)3B+L—|—2j’

hence giving ordinary particles R = +1 and super-symmetric particles R = —1. If
R-parity is conserved, then at today’s particle colliders, SUSY-particles would be pro-
duced in pairs and there would be a lightest-state stable SUSY-particle unable to
decay to non-super-symmetric particles. If R-parity is not conserved, then SUSY-
particles are allowed to decay completely into non-supersymmetric particles. Such a
decay would imply that supersymmetry-particles could have leptoquark-like properties

as would be the case for a scalar-quark, ¢ decaying to a lepton-quark pair, e.g. ¢ — £q.



Appendix C

The Higgs Mechanism

The Higgs mechanism is also employed in another sector of the Standard Model La-
grangian. The method of requiring local SU(2) gauge invariance for the final Standard
Model Lagrangian is problematic for spin-1/2 particles. The left and right-handed helic-
ity states of the fermions transform differently under rotations of the SU(2) type, which
makes it impossible to construct a Lagrangian which is locally SU(2) x U(1) invariant. The
local gauge invariance of the Lagrangian could be restored by replacement of the partial

derivatives with covariant ones having a particular helicity, i.e.:

Du¢R = (au + ig’B/L)d’R
D;ﬂpL = (3u + ingu - 5901W,3)¢L- (C-l)

However the mass term is a scalar operator which mixes the left/right-helicity states. This
spoils the SU(2) invariance of the Lagrangian unless the mass terms vanish. The Standard
Model treats this problem by endowing masses to the fermions using the same method that
was used to endow masses to the gauge bosons. The fermion interactions can be given by
[29]:

V' Dypr — Applpr = 0
i Dutpr, — Apdlpr = 0. (C.2)

Once the field shifts such that (¢)g # 0, the fermion will absorb the resulting Goldstone
boson and acquire mass.

Though this method will keep the Lagrangian locally SU(2) invariant, it comes at the
price of inelegance. There is nothing to fix the coupling constants, Ay, in (C.2). Therefore,
for each different massive fermion there must correspond a different coupling constant, i.e.

Ay, for elections, Ay, for electron-neutrinos, etc. Each must be tuned to achieve the exper-
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imentally measured fermion mass. This is a good indication that the Standard Model is an
incomplete theory. In all, the Higgs mechanism endows masses for 15 discovered particles
in the Standard Model. However, a physical Higgs particle has yet to be experimentally
detected.

The Higgs Mechanism is the means by which the particles appearing in the Standard
Model Lagrangian acquire a mass and is one if its distinctive features. The Higgs mechanism
is achieved by the spontaneous symmetry breaking of the vacuum expectation value. The

discrete case of symmetry breaking can be seen in the example of a scalar field with a ¢*

interaction:
L = %a“¢au¢—V(¢), where (C.3)
I o9 1.4
Vig) = 5'” ¢ —E/\éba (C4)

and A is a dimensionless constant representing the coupling of the 4-boson vertex. The
Lagrangian is symmetric in ¢ = —¢, and the potential has 3 possible minimums. If p? > 0,
then the local minimum is @i, = 0. However, if u?2 < 0, then ¢pin = :t\/—%/ﬂ = +v.
Since we are concerned with evaluating small perturbations about the energy minimum,
we prefer to expand about one of these new minimum, ¢ = f+v. Normally, we require the
vacuum expectation of the scalar field to be zero. However, we have instead, (¢)g = v.
This is easily corrected by shifting the value of the scalar field by v. The new scalar field

is given by, ¢ = v + h(z), where h(z) is the value of the scalar field over and above the

constant, uniform value v. This shifted scalar field gives (¢)o = 0. Substituting this into

our Lagrangian (C.4) gives:

L= %(a“h)2 + %V(Z)(V) K2+ %V(?’) (W) h3 + %V(“) (W) ... (C.5)

where V) (v) = p?2 — 102 = =22, VO (v) = —Av, and VI (v) = —X. So finally we get:

1 1
L= 5((%’%)2 — Z(2u?)h?

1 1
5 — —Avhd — AR (C.6)

3! 4!

The last 2 terms of (C.6) are the same for either value of v. The first 2 terms are the
Lagrangian for a free particle with a mass given by m%b = 242, Since p? < 0, then my, =
\/T,u? and the mass is positive. Notice that the symmetry ¢ = —¢ has been broken once
the field shifts to either +v (see for example [83] [100]).

The continuous case of symmetry breaking can be seen in the example of an O(2) scalar
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field theory with a ¢* interaction:

£ = 0,4 0% N84, (©7

and the scalar field now has two components:

[ &
—(2) o

Equation C.7 has a circle of degenerate minima at |¢min| = v. In order to expand
about a particular ground state, we prefer to expand about this minimum. This minimum

is degenerate, so we are free to choose:

wm=(3>. (C.9)

Normally, one requires the vacuum expectation value of a scalar field to be zero. This is

easily corrected by shifting the value of the scalar field by v:

é = @ ( V+(;L(x) ) ) (C.10)

This new vacuum state is now invariant only under the group which leaves the shifted field
invariant. In general, when a field is shifted, the symmetry is broken from O(N) down to
O(N-1). In the current case, there are only 2 components to ¢, so we have broken the
symmetry group O(2) to O(1).

Substituting the new field (C.10) into our Lagrangian results in :

L = (0h)? +12(06)% + 2vh(00)? + h?(06)* — %zﬂh? - %uh?’ - %h‘*. (C.11)
By making the substitutions h = 1/v/2 ¢4, v0 = 1/v/2 ¢p, and m = /A\/6 v, Equation
(C.11) becomes:

1 1 1
L = Z(0upa0" ) — §m2¢?4 + 5(3,,#}533“953) + ZLints (C.12)

5
where .%n: are the 3 and 4 point interactions between the fields ¢4 and ¢p. The first
two terms in (C.12) comprise the Lagrangian for a massive scalar field ¢4, and the second
term a free Lagrangian for the field ¢p which apparently has no mass. In addition to the
breaking of symmetry of Equation (C.7) by choosing a particular vacuum state, one of the

fields automatically becomes massless. Such a massless scalar field is known as a “Goldstone
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Boson”. It can be shown vigorously that for each broken generator of a symmetry group,
there will correspond a creation of a massless scalar particle. Breaking the symmetry of
a theory from O(N) to O(N — 1) will result in N — 1 Goldstone Bosons. For the case at
hand, we broke the O(2) symmetry of (C.7) which resulted in a Lagrangian which is still
symmetric under global O(1) but now has a massless scalar boson.

Returning to (C.7), we see that the Lagrangian is globally phase invariant. As discussed,
this symmetry is not broken under the spontaneous symmetry breaking. Equation (C.7) can
be made locally phase invariant by replacing the derivatives with a covariant one (A.6), and
giving the new gauge field a free term, i.e. 8, — D, = 9, +ieA,, where A, — A, —19,a(z)
under ¢ — €' ¢, Equation (C.7) will then become,

Z = —DuquD“qs +5 (qs* ¢—v7)° - ZF " Fuv, (C.13)

which is locally U(1) gauge invariant. Now we break the symmetry by shifting the field:
¢ — ¢ = v+ h(z). Inserting into (C.13) by parts (and dropping the dependence on z), we
find,

D, = O0uh—ie(vh)A,
Dud'DEp = (8,h)% + €2(v + h)? A, AH

A A
a6 —v)? = L@v+h)h?

Putting all the pieces together, (C.13) becomes:

L = (Buh)? + (v + )P A, AN — F,WF’“’ - %(2u+h) B2
= (0uh)? — A v?h? — —FMVF"” + 2P A A + Ly (C.14)

4

Again, we make the substitutions h = 1/v/2 ¢a, v0 = 1/v/2 ¢p, and m = y/A/12 v. The

result is,

1
—FH,,F’“’—I—e m TA AP + L. (C.15)

2 = 5(0,640"62) — mbs +

By requiring local phase invariance and invoking continuous spontaneous symmetry breaking
of (C.12), we have recovered a massive scalar particle ¢4 and a massive gauge field A* with
mass mpg = \/m. In essence, by an astute choice of gauge, we have eliminated the
massless Goldstone boson in (C.12) and recovered a massive vector field. Metaphorically,
the gauge field “ate” up Goldstone boson and acquired a mass. This phenomenon is also

explained through degrees of freedom (see for example [71]). A massless vector field, A4,
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has 2 degrees of freedom, one for each polarization state. When it acquires mass, it has 3
degrees of freedom: 2 transverse states, and 1 longitudinal state. By fixing the gauge of the
scalar field ¢ a degree of freedom is freed. It is precisely the local gauge invariance of the
scalar field ¢ which afforded the vector field this third degree of freedom. This process is

known as the “Higgs Mechanism.”



Appendix D

Muon ID and Isolation Efficiencies

In this section, we verify the validity of using the beam-constrained COT muon ID and
isolation efficiencies by following the 1-leg based or “tight-loose” method described in [21].

The method looks for dimuon events with 80 < M,,,/GeV /c?>< 100 containing same type
(CMUP-CMUP, CMX-CMX) and mixed type (CMUP-CMX, CMUP-TRK, CMX-TRK)
events. For this study only the 179 pb~! of CMX included events is used. The efficiency is
determined by starting with a base sample of events, Ry, to which the ID or isolation cuts
are not applied. In these events a tight muon (1st leg) is selected based on the 7 number of
ID or isolation cuts. A loose muon (2nd leg) is then searched for by applying the ¢ cuts and
seeing whether it passes or fails. To determine the event yield per cut R;, the set of events

are selected by requiring that all cuts other than the ¢'th cut are passed, i.e.
R, = e—i-(2—ei)-gle§-Rtot, (j #1) (D.1)

in which R; contains all possible combinations of tight (T) and loose (L) muons. To deter-
mined the total event yield, Ry, we require that all cuts are applied and all cuts are passed

by both muons:
Ry = Te€ Ry (D.2)
7

Using Equations D.1 D.2, one can solve for the individual efficiencies, €¢;. They are related

to the ratio of the event yield per cut and the total event yield by:

2xX R
1+ R’

(D.3)

€ =
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where R = Ry/R;. The errors on the efficiencies are calculated via their moments:

se \?
ol = (E) -o% (D.4)
Solving for (D.4) we find:
e-R [(1-R)
= . D.
TR\ R (0-5)

For the mixed muon-type events (CMUP-CMX, CMUP-TRK, CMX-TRK), the event
yields are slightly different to account for a T or L second leg of different type than the first
T leg:

Ry = 1;1 € - Riot (D.6)
R; (6 +(1—¢))- l;Iej - Riot, (5 #1). (D.7)

In this case the ratio R = Ry/R; = e(1st Leg) and the efficiencies can be calculated right
away. The errors are determined from the binomial error on R. Table D.1 lists the effi-
ciencies for each cut for both same and mixed-type dimuon events. The muon isolation
and ID efficiencies are calculated separately. A total efficiency for muon ID and isolation is
determined by combining the same and mixed-type efficiencies in quadrature, i.e. they are
treated as separate measurements.

The results shown in Table D.1 are in close agreement with [88, 89]. The COT hit
requirements were enforced in this analysis in consideration of the TRK muons, and were
folded into its ID efficiency.
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SAME TYPE CMUP CMX TRK
16(ST), 20(AX) | 1.000 = 0.000 | 1.000 + 0.000
Epap < 6 GeV | 0.984 % 0.003 | 0.984 =+ 0.005
Epy < 2GeV | 0.963 + 0.005 | 0.977 + 0.005
dx(CMU) < 3 cm | 0.950 + 0.005 -
dx(CMP) < 5 cm | 0.979 =+ 0.004 -
dx(CMX) < 6 cm - 0.971 = 0.007
ID eff 0.882 = 0.007 | 0.933 =+ 0.010
ISO eff 0.988 = 0.003 | 0.979 =+ 0.006
MIXED TYPE
16(ST), 20(AX) | 1.000 & 0.001 | 1.000 =+ 0.001 | 0.988 + 0.000
Epap < 6 GeV | 0.987 & 0.001 | 0.979 £ 0.002 | 0.981 = 0.000
Epyv <2 GeV | 0.966 £ 0.001 | 0.979 & 0.002 | 0.970 = 0.000
dx(CMU) < 3 ¢m | 0.963 % 0.001 -
dx(CMP) < 5 cm | 0.976 = 0.001 -
dx(CMX) < 6 cm - 0.971 + 0.001
ID eff 0.895 & 0.001 | 0.930 = 0.001 | 0.940 + 0.000
ISO eff 0.976 & 0.000 | 0.976 = 0.006 | 0.978 + 0.000
combined ID eff | 0.888 + 0.007 | 0.932 + 0.010 | 0.940 + 0.000
combined Iso eff | 0.982 + 0.003 | 0.977 + 0.006 | 0.957 + 0.000

Table D.1:

Efficiencies obtained from the 1-leg method using 179 pb~! of data. The EM
and HAD slide with the muon Pr as described in Table 3.5.

D.1 ID and Isolation Dependence

In this section, we check the muon ID efficiency as a function of isolation fraction. The
events have been chosen in the same way as the efficiency study described in Section D. The
muon ID distribution is shown in Figure D.1. Since we apply the muon ID efficiency factor to
the leptoquark acceptance, we wish to check whether this convolution has a significant effect
in the Monte Carlo samples. In the discrete case, this is done by weighting the muon ID
efficiency relative to the number of muons passing the isolation cuts with a specific fractional

isolation, i.e.:
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Muon ID Efficiency

124

Muon ID Efficiency vs. Fractional Isolation
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Figure D.1: The muon ID efficiency versus the muon fractional isolation. Each event is
required to have at lease one tight muon.
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(D.8)

For this study, we chose a binning of ¢ = 5 and the deconvoluted efficiency was averaged over

the j = 9 LQ samples. Figure D.2 shows the normalized isolation distributions for CMUP,
CMX and TRK for a LQ mass of 240 GeV/c2. The deconvoluted muon ID efficiencies along
with the scale factor are listed in Table D.2.

Muon Type | <edeconv-~ eDITA Scale Factor
CMUP 0.880 0.889 + 0.006 0.9898
CMX 0.935 0.952 £ 0.005 0.9821
TRK 0.950 0.929 + 0.000 1.0226

Table D.2: The muon ID efficiencies deconvoluted from the muon isolation.
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Figure D.2: The M(LQ) = 240 GeV /c? normalized isolation distributions for CMUP, CMX
and TRK muons.
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Preselection Efficiencies

E.1 Lepton Trigger Efficiency

The muon trigger efficiency values are taken from [88, 89]. The dimuon candidates were
required to pass the Muon ID requirements and the efficiency was calculated by considering

two separate dimuon candidates having same and opposite types. The two samples are:

e CMUP-CMX(CMX-CMUP) Dimuon events with a CMX(CMUP) trigger. The effi-
ciency is defined as the fraction of events which also have a CMUP(CMX) trigger:

N(with CMX and CMUP triggers)

1) =
() = ~N{with CMX(CMUP) triggers)

¢ CMUP-CMUP(CMX-CMX) Dimuon events with a CMUP trigger only. The efficiency

is defined as:

2-R N (with 2 CMUP(CMX) triggers)
II) = —— h R =
(1) = g Where N(with at least 1 CMUP(CMX) trigger)

The final trigger efficiency is calculated by combining the e(I) and e(II) efficiencies in
quadrature.

In June 2003, the CDF Muon Offline Group proposed a COT exit radius (pcor) cut
for CMX muon tracks. Due to the trigger design, the trigger acceptance is not the same as
the detector acceptance. The XFT trigger requires a muon track to leave hits in at least 4
COT axial superlayers, but a muon track can be reconstructed offline without meeting this
requirement. A cut on the COT exit radius, defined by the pseudorapidity and event vertex
of the track, selects a detector region where the data and Monte Carlo are in agreement:

sign(n) - zcor — #

0
= 14 . E.1l
pcor tan()) > 140cm (E.1)
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The COT length, zcor, is 155 cm and A = m/2 — 0 where 6 = 2 - tan !(¢”). The COT
exit radius cut lowers the CMX muon acceptance to obtain the correct trigger efficiency. In
this analysis, if a CMX muon passes the ID cuts, but fails the COT exit radius cut, then its
status is demoted to a TRK posterior to the muon and event selection cuts. The efficiency
of the COT exit radius cut is folded into the definition of the trigger efficiency, and the

values taken from [88, 89] are from pcor cut efficiencies.

E.2 Lepton Reconstruction Efficiency

The reconstruction efficiencies for CMUP and CMX muons are scaled by the differences
in Monte Carlo and data due to discrepancies in the Monte Carlo geometry description. We
again use the values reported in [88, 89] for the muon reconstruction efficiency. Cuts are
made on the fiduciality of the track inside the CMX and CMUP detectors and are included

in the efficiency.

E.3 Z-Vertex Efficiency

The events selected are required to have an event vertex no larger than +60 cm along the
z-direction from the center of the detector. Events whose vertices are outside this range are
likely to have tracks that go undetected by the silicon or even the COT tracking. However,
the full luminous pp region, which is used by CLC to determine the luminosity, extends
outside of this z-range. A study measuring the efficiency of this fiducial cut is reported in
[105]. The study reports an efficiency of e = 0.951 + 0.005.

E.4 Cosmic Ray Rejection

To remove the cosmic rays contaminating the sample, the di-cosmic bit is used which is
based on the use of the COT timing information to deduce if the muons are compatible with
an outgoing pair as one would expect in a physics process. The bit is taken from the cosmic
bit word stored in the CosmicRayTaggerInfo object [112] and is 100% efficient in removing

cosmic rays in dilepton events.
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Derive Confidence Level Limits with
Bayes Method

To determine the limit on the observed number of leptoquark events using the classi-
cal or frequentist approach, one could formulate the limit based on a repeated number of
experiments, i.e:

N

P(XY = lim =

F.1
N—>ooN’ ( )

where P(X;) is the probability of measuring X!, N is the number of repeated identical
experiments, and N is the limit of the frequency of measuring X'. The alternative to the
frequentist approach is to use Bayesian statistics which allows for an interpretation of the
probability as a degree of belief. Heuristically, Bayes’ Theorem states that the probability
of observing an event belonging to class Cy after observing an event X with feature [ is
proportional to product of the likelihood of an event X! belonging to class Cj, and the prior
probability of there being events of class C;. The complete theorem is stated by:

P(X!Cy)P(Cy)
PIXTy

P(Ci|XY) (F.2)
The probabilities P(Cy) and P(X') are the fraction of events belonging to class Cj, and
having feature X' respectively. The probability on the left, P(Cy|X!), is the posterior
probability. It gives the probability that a data point having a feature variable X! belongs
to the class Cy after a measurement of X. The probability P(X'|Cy) is the conditional
probability. This function represents the probability that a given data point belonging
to a class O} has feature X!. This probability can be expressed as a likelihood function.

The term P(Cy) allows for the incorporation of knowledge of features of the data prior to
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making a determination of the classification of a measurement. Since the probability P(X!)
is independent of the classification of a measurement, it can be seen as a normalization

factor. Hence, Equation F.2 can be summarized as:

likelihood function X prior

posterior probability = —
normalization factor

The results obtained from the two methods are not always identical (for discussion see
[51]). There are several reasons for using a Bayesian versus a frequentist approach to cal-
culate the upper limit on the number of observed leptoquark events. The first is purely
aesthetic. In the Bayesian approach a posterior probability is expressed by a likelihood
function modified by the result of the experience itself. By using the likelihood, a dis-
tinction is implied that given an experimental measurement m, what is considered is the
behavior of varying the true value m;. The frequentist approach makes no such distinction.
Instead it implies that no matter what is the true value, m;, the probability expresses the
percentage of time a limit calculated by an infinite ensemble of measurements contains m;.
The second argument is pragmatic: Limits obtained by the Bayesian approach are often
more conservative than the frequentist approach. This becomes especially acute in the case
where errors are included. In the frequentist approach, introducing errors from the signal
acceptance or background calculation actually tightens the limit result. Intuitively this is
contrary to the notion that including errors should weaken the limit. Finally, for reasons not
exploited in this dissertation, the Bayesian approach allows for a more elegant combination
of results.

There are also arguments for not using a Bayesian approach. As pointed out by Cousins
in [51], it is not always clear what should be the appropriate choice of a prior distribution
when nothing is known about it. A semiclassical approach which avoids this issue is proposed
in [70], however it does not incorporate the errors from both the signal acceptance and
background calculation.

In this analysis we follow a Bayesian approach which incorporates errors from the signal
acceptance and background calculation [14]. We calculate the posterior probability distri-
bution for observing ng events with pug expected signal events and yp expected background

events as,

_ Z(nolps + 1) P(ps)
I £ (nolps + uB)Pus)dus’

P(ps|no, pB) (F.3)
where Z(no|ps + pp) is the likelihood distribution of observing ng given an expected value
of ps + pup. We choose a uniform prior probability, P(ug) such that P(us) = 1 for ug > 0.

As stated before, the denominator in Equation F.3 may be regarded as a normalization
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factor so that Equation F.3 can be written as:

P(us|no, pp) o< Z(nolus + ps) (F.4)

Because the number of expected signal events is very small, the Poisson distribution is
chosen for the likelihood function describing the conditional probability. If ng is the observed
number of events, then in the absence of background the likelihood of observing ngy events
given that a mean number of signal events, ug, are expected is given by:
0 ,— S
pele
ZLlnoly) = B (F.5)
UNE

Since np background events are expected in the final event selection, the likelihood needs
to be modified to accommodate the possibility of other types of event classification. In this

case it is straightforward to include the background:
(,US + MB)noe_(NS‘HLB)

ZL(nolps +pB) = 0] ; (F.6)

where pp is the expected mean number of background events and must be known exactly.
However in experiments pp is not exactly known but is calculated within an overall un-
certainty, op, from statistical and systematic errors. Likewise there is an additional error
associated with the signal acceptance denoted by o 4. To incorporate these errors, the likeli-
hood is “smeared” by these errors which are assumed to have a gaussian distribution. This is
done by multiplying the probability distributions by gaussians having widths proportional to
the corresponding signal and background acceptance uncertainties and summing over values

of the expected signal and background events:

—(up—1g)? —(ps—1)?

1 o0 o0
Pluslno,ne) x g—— [ [" 2l + e B¢ dulpdily, (E1)
ToBOosS 0 0

where og = pg(oa/A). To compute the confidence level of the upper limit, we sum over
the possible Poisson likelihoods. The confidence level is given by €e = 1— CL, where 1 — € is
the probability of observing more than ng events. The upper limit on pg is defined as that

value, ugm for which we expect to observe ng events or fewer for a desired CL, i.e.:

Jdim P(us|no, pg)dps
1-cL = . (F.8)
I~ P(ps|no, uB)dps
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Figure G.1: The left top, pr(e, Br) distribution of LQ @ 120 GeV/c?, right top is for
inclusive Top. The bottom two are pr(u, Fr) distributions for LQ and Top, from left to

right.
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Figure G.2: The left top, pr(e, 1) distribution of LQ @ 120 GeV/c?, right top is for inclusive
Top. The bottom two are pr(e, u, Zr) distributions for LQ and Top, from left to right.
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